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REALIZATION  OF  D.  I.  MENDELEEVS  IDEA  CONCERNING 


THE  UNDERGROUND  GASIFICATION  OF  COAL 
A.  M.  Terplgorev  and  M.  P.  Korsh 


D.  I.  Mendeleev  was  the  originator  of  the  notable  idea  of  underground  gasification  of  coal  as  a  chemical 
method  for  utilization  of  the  energy  of  coal  without  the  need  to  bring  it  to  the  surface. 

He  wrote  in  1888:  *.  .  .  a  time  will  probably  come  when  coal  will  not  be  taken  out  of  the  earth,  but  a 
method  will  be  devised  for  converting  it  into  inflammable  gases  underground,  and  for  distributing  these  gases  by 
pipes  over  long  distances*  [1], 

In  subsequent  years  Mendeleev  repeatedly  returned  to  the  idea  of  the  underground  gasification  of  coal.  In 
a  discussion  of  individual  aspects  of  this  method  of  coal  utilization,  he  stated  in  1897  that'".  .  .  in  my  opinion, 
the  cost  of  coal  fuel  can  be  greatly  lowered  in  the  future  only  if  the  coal  in  converted  underground,  if  possible, 
in  the  actual  seams  (without  excavation),  into  producer  gas  and  then  distributed  by  pipelines;  I  do  not  forsee  any 
significant  difficulties  in  this"  [2]. 

Tlie  great  scientist  not  only  formulated  the  principle  that  coal  seams  can  be  converted  into  gaseous  fuel, 
but  also  indicated  a  solution  for  the  engineering  aspects  of  the  problem.  Of  course,  this  was  merely  a  remote 
prototype  idea  of  the  modern  underground  gasification  plants,  but  the  principles  stated  by  Mendeleev  formed  the 
basis  of  production  schemes  subsequently  proposed  by  others. 

In  studying  underground  fires  in  coal  mines,  he  reached  the  conclusion  that,  if  the  fires  can  be  controlled  so 
that  the  combustion  takes  place  in  the  same  was  as  in  a  gas  producer,  i.e.,  with  limited  air  access,  producer  gas 
can  be  made  in  the  seam.  "Several  orifices  should  be  drilled  in  the  seam;  some  of  these  should  be  used  for  intro¬ 
duction  of  air,  even  by  blowing,  and  others  for  the  exit  or  withdrawal  (for  example,  by  a  suction  fan)  of  the  in¬ 
flammable  gases,  which  can  then  easily  be  taken  to  furnaces,  even  over  long  distances*  [3]. 

Mendeleev  did  not  see  his  idea  realized,  and  even  the  idea  of  underground  gasification  itself  remained  for¬ 
gotten  for  some  time. 

It  was  only  in  1912,  five  years  after  Mendeleev's  death,  that  the  English  chemist  William  Ramsey,  with 
whom  Mendeleev  was  personally  acquainted,  rembered  the  idea  of  underground  gasification  of  coal.  It  is  likely 
that  Ramsey  got  the  idea  from  Mendeleev,  especially  as  Mendeleev’s  work  and  his  views  on  this  subject  had  been 
published  extensively  at  that  time.  However,  Mendeleev’s  idea  was  not  put  into  practice  either  in  Tsarist  Russia 
or  in  England.  Ramsay's  communication  on  the  underground  gasification  of  coal  attracted  the  attention  of  Vladimir 
Il’ich  Lenin.  He  appreciated  fully  the  colossal  social  and  technical  advantages  of  underground  gasification  over  the 
pit  method  of  coal  winning. 

In  an  article  entitled"One  of  the  Great  Victories  of  Technology,*  Lenin  wrote  in  1913,  as  follows  on  the 
discovery  of  this  process:  "An  enormous  amount  of  human  labor  now  used  in  winning  and  transporation  of  coal 
would  be  saved.  Even  the  poorest  coal  deposits,  and  new  unworked  fields  could  be  utilized.  Costs  of  domestic 
heating  and  lighting  would  be  greatly  lowered. 

The  industrial  revolution  caused  by  this  discovery  will  be  enormous*  [4]. 

Prospecting,  planning,  and  scientific  research  work  on  underground  gasification  of  coal  commenced  in  the 
Soviet  Union  in  1933. 
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Underground  gasification  scheme  for  horizontal  coal  seams. 


The  outbreak  of  war  arrested  further  development  in  this  field.  In  the  postwar  period  more  extensive  and 
diverse  investigations  on  underground  gasification  were  started.  A  number  of  difficulties  was  encountered,  such 
as  are  inevitable  in  any  new  project,  and  especially  in  the  solution  of  such  a  complex  problem  as  underground 
gasification.  Several  institutes  of  the  Academy  of  Sciences,  USSR,  joined  in  the  work:  the  Institute  of  Com¬ 
bustible  Minerals,  Mining,  G.  M.  Krzhizhanovskii  Power  Engineering,  Automation  and  Telemechanics,  Geophysics, 
Geological  Sciences,  and  the  F.  P.  Savarenskii  Laboratory  of  Hydrogeological  Problems.  By  a  Government  decision, 
a  special  Scientific  Research  and  Planning  Institute  for  Underground  Gasification  of  Fuels  (VNIIP)  was  established 
in  1949. 

In  addition,  work  is  in  progress  in  scientific  sectors  and  at  underground  gasification  stations  under  various 
geological  and  mining  conditions. 

Numerous  scientific.engineering,  and  technological  workers  are  engaged  on  the  realization  in  our  country 
of  the  idea  of  underground  gasification  of  coal,  which  was  highly  appraised  by  V.  I.  Lenin. 

A  blast  containing  oxygen,  such  as  air,  is  supplied  to  an  ignited  coal  seam  through  a  blow-hole.  When  oxy¬ 
gen  comes  in  contact  with  a  region  of  the  coal  seam  heated  above  the  ignition  temperature,  the  following  prin¬ 
cipal  reactions  take  place: 

G  +  0-2  =  CO2  +  Q,  (1) 

2c.  -f-  O2  =  2G0  Q.  ^2) 

In  presence  of  oxygen  the  carbon  monoxide  in  the  gas  phase  is  oxidized  to  the  dioxide: 

2C0  O2  =  2CO2  Q.  (3) 

These  reactions  are  accompanied  by  evolution  cf  much  heat.  Therefore,  the  temperature  of  the  gas  in  the 
oxidation  (oxygen-containing)  zone  increases  as  these  reactions  develop. 

The  carbon  dioxide  formed  is  reduced  to  carbon  monoxide  in  the  subsequent  regions  of  the  coal  channel 
along  the  course  of  the  blast: 

C02  +  C  =  2C0  — Q.  (4) 
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If  water  vapor  is  present  in  the  reducing  zone,  it  undergoes  decompositon  according  to  the  equations: 

C+  1120  =  CO  Ha  — Q, 

C  +  2H2O  =  CO2  4-  2H2  —  Q 

Under  certain  conditions  the  conversion  reaction  of  carbon  monoxide  with  water  vapor  may  also  become 
significant  in  underground  gasification: 

CO -I- 1120  =  002  4- Ha +  Q.  (7) 

If  heat  is  supplied  continuously  and  in  adequate  quantity  to  the  reducing  zone,  mainly  from  the  products 
formed  in  Reactions  (l)-(3),  and  if  this  zone  (heated  coal  channel)  is  of  sufficient  length,  the  endothermic  re¬ 
actions  (4)-(6)  will  be  intensive.  Toward  the  end  of  the  reducing  zone,  considerable  amounts  of  combustible 
components  —  carbon  monoxide  and  hydrogen  —  are  formed  in  the  gas,  and  these,  together  with  the  other  gasi¬ 
fication  products  (Na,  COj,  CH4,  HaS,  CnHm)  leave  through  the  gas  outlet  hole  and  enter  the  gas  pipe. 

First  a  shaft  method  and  subsequently  a  combined  method  was  used  for  preparation  of  coal  seams  for  gasi¬ 
fication,  i.e.,  for  formation  of  underground  gas  producers.  This  required  underground  human  labor,  and  the  under¬ 
ground  gas  producers  were  not  always  satisfactorily  airtight.  Therefore,  a  great  advance  in  underground  gasification 
was  the  development  by  Soviet  scientists  and  engineers,  of  shaftless  methods  for  preparation  of  coal  seams  for  gasi¬ 
fication  [5].  Underground  gas  producers  are  now  constructed  by  the  shaftless  method,  and  consist  of  surrounded 
regions  of  the  coal  seam  penetrated  by  a  number  of  holes,  gasification  channels,  and  in  some  cases  holes  for 
drainage  of  ground  water. 

The  design  of  the  gas  producers  may  vary  considerably,  and  depends  mainly  on  the  geological  situation  of 
the  seam  and  of  the  gasification  system  adopted. 

Air,  steam-air,  oxygen-enriched,  and  steam-oxygen  blasts  are  used  in  gasification.  Formation  of  the  orig¬ 
inal  gasification  channel,  i.e.,  connection  of  the  holes  along  the  coal  seam,  is  effected  by  means  of  air-flame 
crosscutting  along  the  seam  under  different  air  pressures,  electrical  crosscutting  (by  means  of  an  electric  current), 
and  by  means  of  directed  drilling;  successful  experiments  are  being  carried  out  on  channel  formation  by  hydraulic 
fracturing  of  the  seam. 

The  use  of  hydraulic  fracturing  is  of  great  interest  in  relation  to  underground  gasification  of  coal.  Adoption 
of  this  method  would  allow  wider  spacing  between  the  holes,  and  would  shorten  the  crosscutting  time  and  decrease 
power  consumption  in  compression  of  the  blast. 

Neither  the  composition  and  properties  of  the  coal,  nor  the  stratification  conditions  now  place  any  limita¬ 
tions  on  the  gasification  of  coal  seams.  Underground  gasification  can  be  applied  to  the  most  varied  combustible 
minerals,  from  bituminous  shales  to  anthracites,  at  all  depths  down  to  hundreds  of  meters. 

Three  underground  gasification  plants  are  now  operating  in  the  Soviet  Union:  Podmoskovnaya  in  the  Mos¬ 
cow  coal  field,  Lisichanskaya  in  the  Etonets  coal  field,  and  Yuzhno-Abmskaya  in  the  Kuznetsk  coal  field  [6]. 

The  Podmoskovnaya  plant  has  already  been  in  operation  for  16  years.  It  produces  about  420,000,000  cubic 
meters  of  gas  per  year,  with  a  calorific  value  of  800  kcal/m*,which  is  supplied  to  several  undertakings  in  the 
city  of  Tula. 

The  Lisichanskaya  plant  is  working  a  coal  deposit  of  complex  structure.  It  is  producing  100,000,000- 
120,000,000  cubic  meters  of  gas  per  year,  with  a  calorific  value  of  800kcal/m*.  It  is  used  as  boiler  fuel  in  the 
North  Donets  Regional  Electric  Power  Plant.  In  the  future  this  station  will  be  used  as  an  experimental  unit  for 
scientific  research  work. 

Steeply  dipping  seams  are  gasified  at  the  Experimental  Industrial  Yuzhno-Abinskaya  plant.  Air  blast  is 
used  to  produce  gas  of  calorific  value  of  900-1000  kcal/m*.  The  output  is  160,000,000  cubic  meters  per  year. 

In  addition  to  the  existing  plants,  two  industrial  plants  (Shatskaya  and  Angrenskaya)  and  one  experimental 
(Kamenskaya)  are  now  under  construction. 

The  Shatskaya  plant  is  being  built  in  conjunction  with  a  gas-turbine  electric  power  plant  of  24,000  kw 
capacity.  This  is  the  first  gas-turbine  power  plant  in  the  world  to  run  on  gas  made  by  underground  gasification. 
The  gas  output  is  rated  at  634,000,000  m®  annually. 


(5) 

(6) 
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The  Angrenskaya  plant  Is  being  built  in  the  Uzbek  SSR  at  a  brown-coal  deposit.  Its  planned  gas  output  Is 
2,320,000  m®  per  year,  with  a  calorific  value  of  100  kcal/m®.  This  gas  will  supply  the  Angrenskaya  Regional 
Electric  Power  Plant. 

The  Kamenskaya  experimental  unit  is  intended  for  experimental  and  development  work  on  gasification  of 
lean  coals  of  the  Donets  field  under  natural  conditions. 

Development  work  on  underground  gasification  must  proceed  by  way  of  construction  of  industrial  units  in 
conjunction  with  extensive  theoretical  research  and  experimental  work  under  natural  conditions.  Work  is  going 
on  continuously  in  the  Institute  of  Combustible  Minerals  of  the  Academy  of  Sciences,  USSR,  [7],  in  VNIIP,  and  at 
the  operating  stations,  in  order  to  improve  existing  and  develop  new  methods  of  underground  gasification  and 
ways  of  controlling  the  process.  Thus,  as  the  result  of  investigations  (at  VNIIP)  of  underground  gasification  of 
brown  coal,  new  technological  processes  were  developed  and  tested  on  the  pilot  scale:  a  process  with  preliminary 
thermal  preparation  of  the  coal  by  means  of  the  sensible  heat  of  the  gases  [7],  and  a  process  with  directed  blast 
in  the  plane  of  the  seam  [8].  The  principle  of  underground  gasification  with  thermal  preparation  is  that  currents 
of  hot  gas  are  directed  in  such  a  way  that  the  regions  of  the  coal  seam  to  be  gasified  are  preheated.  This  lowers 
the  natural  moisture  content  of  the  coal  and  increases  the  number  of  crevices  in  it.  The  reactive  surface  of  the 
coal  is  thereby  increased;  this  is  very  Important  in  relation  to  the  heterogeneous  reactions  taking  place  in  the 
formation  of  combustible  gases. 

In  all  sections  in  which  thermally  prepared  coal  was  gasified,  the  calorific  value  of  the  gas  made  with  the 
use  of  air  blast  reached  1000  kcal/m®,  and  gasification  was  almost  complete.  Moreover,  coals  of  ash  content  up 
to  70%  were  gasified. 

Theoretical  calculations  and  experiements  with  VNIIP  models  showed  that  the  quality  of  the  gas  can  be 
improved  and  the  gasification  process  intensified  by  variations  of  the  blast  velocity  and  structure. 

In  experiments  with  directed  blast  in  the  plane  of  the  seam,  the  gas  had  a  higher  carbon  monoxide  content 
and  higher  calorific  value  than  gas  made  by  the  usual  blast  through  a  hole.  EXiring  the  entire  trial  period  the  av¬ 
erage  calorific  power  of  the  gas  was  over  1000  kcal/m  . 

The  methods  described  above  are  by  no  means  the  only  ones  possible,  and  there  are  probably  more  effective 
methods  for  underground  gasification  of  coal,  which  will  undoubtedly  be  devised  by  Soviet  scientists  and  engineers. 

At  present  the  gases  made  by  underground  gasification  are  used  mainly  as  fuel  in  the  generation  of  electric 
power.  However,  gases  made  by  this  process  may  also  serve  as  raw  materials  in  the  sysnthesis  of  various  chemicals. 

As  the  result  of  theoretical  and  experimental  investigations,  conducted  in  the  Institute  of  Combustible  Min¬ 
erals  of  the  Academy  of  Sciences,  USSR,  and  VNIIP,  methods  have  been  discovered  and  verified  for  the  production 
of  synthesis  gases  by  underground  gasification  of  coal.  Experiments  on  the  production  of  synthesis  under  natural 
conditions  fully  confirmed  the  theoretical  findings.  Gas  suitable  for  ammonia  synthesis  was  obtained  from  brown 
coal  of  the  Moscow  region  [9]. 

One  promising  method  to  be  studied  for  increasing  the  total  efficiency  of  underground  gasification  by  utili¬ 
zation  of  the  sensible  heat  of  gases  is  the  use  of  semiconductors  for  direct  conversion  of  heat  into  electrical  energy 
(based  on  the  work  of  Academicaian  A.  F.  Ioffe  and  his  associates).  As  was  noted  by  Lavrov  and  Kirichenko  [10], 
the  use  of  semiconductors  will  enable  semifurnace  and  furnace  processes  to  be  operated  by  the  underground  gasi¬ 
fication  of  coal,  so  that  thin  and  high-ash  coal  seams  can  be  utilized,  the  gasification  of  which  for  production  of 
good-quality  gas  is  in  practice  impossible  or  difficult. 

Success  in  the  development  of  underground  gasification  of  coal  in  the  Soviet  Union  has  attracted  the  at¬ 
tention  of  many  foreign  countries.  Recently  our  country  has  been  visited  by  representatives  from  Britain,  the 
United  States,  Czechoslovakia,  Bulgaria,  Rumania,  Poland,  and  the  Chinese  People’s  Republic,  who  desire  to 
acquaint  themselves  with  work  in  the  field  of  underground  gasification.  Particular  interest  in  this  problem  has 
been  displayed  by  British  business  circles,  representatives  of  which  have  made  repeated  visits  to  scientific  re¬ 
search  institutes  working  in  this  field,  and  to  working  gasification  plants  at  different  coal  fields  of  the  Soviet 
Union  [11]. 

The  Soviet  Union  is  at  present  the  only  country  in  the  world  where  underground  gasification  has  been  devel¬ 
oped  industrially. 
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More  than  400  scientific  papers  have  been  published  In  the  USSR  on  the  subject  of  underground  gasification; 
a  list  is  given  in  Bakulev's  monograph  [12]. 

We  believe  that  the  time  is  not  far  distant  when  underground  gasification  of  coal  will  take  one  erf  the  lead¬ 
ing  positions  in  the  utilization  of  coal  energy  for  the  good  of  our  people. 
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THE  HYDROLYSIS  RATE  OF  MONOCALCIUM  PHOSPHATE 
IN  AQUEOUS  SOLUTIONS 

M.  E.  Pozln,  B.  A.  Kopylev  and  D.  F.  Zhil'tsova 
The  Lensovlet  Technological  Institute,  Leningrad 


A  knowledge  of  the  properties  of  the  ternary  system  CaO— P2O5  —  H|0  is  required  for  effective  performance 
of  most  technological  processes  in  the  production  of  phosphate  fertilizers. 

Solubility  In  this  system  has  been  studied  at  20,  25,  40,  50,  70,  80*  [1-6].  The  equilibrium  diagram  can 
be  used  to  calculate  the  degree  of  decomposition  of  monocalcium  phosphate  at  various  temperatures  and  water- 
salt  ratios.  Experimental  data  are  available  on  the  degree  of  hydrolysis  of  monocalcium  phosphate  under  equi¬ 
librium  conditions.  However,  the  time  required  to  reach  equilibrium  is  several  hours.  Ifis  known  [1,  7]  that 

monocalcium  phosphate  has  a  great  tendency  to  form  supersaturated 
solutions  from  which  disubstituted  calcium  phosphate  cyrstallizes 
only  after  some  time.  Because  of  this,  the  attainment  of  equilib¬ 
rium  in  the  interaction  of  monocalcium  phosphate  with  water  is 
hindered;  equilibrium  is  attained  relatively  easily  in  the  interac¬ 
tion  of  anhydrous  dicalclum  phosphate  with  phosphoric  acid.  This 
demonstrates  the  Importance  of  the  time  factor  in  studies  of  the 
interaction  of  monocalcium  phosphate  with  water.  However,  we 
did  not  find  any  information  in  the  literature  on  the  hydrolysis  rate 
of  monocalcium  phosphate  under  various  conditions.  Moreover,  in 
a  number  of  processes,  such  as  the  continuous  conversion  of  phos¬ 
phates  by  means  of  sulfuric  or  phosphoric  acid  [8],  we  are  concerned 
with  systems  which  have  not  reached  equilibrium.  Studies  of  the 
hydrolysis  rate  of  monocalcium  phosphate  are  therefore  Important. 

The  results  of  studies  of  the  hydrolysis  rate  of  monocalcium 
phosphate  in  water  and  phosphoric  acid  solution  at  different  water- 
salt  ratios  and  various  temperatures  are  given  below. 

EX  PERIMENT  AL 

Calculated  quantities  of  the  original  substances  —  distilled 
water  and  monocalcium  phosphate  —  were  put  into  test  tubes  in  a 
theromostat.  After  the  water  and  salt  had  been  stirred  together  for 
a  definite  time,  the  liquid  phase  was  separated  from  the  solid  residue  by  centrifugation  and  analyzed  by  titration 
with  caustic  soda  solution. 

The  degree  of  decomposition  was  calculated  from  the  equation 


A 


Fig.  1.  Degree  of  decomposition 
of  monocalcium  phosphate  in  water 
at  20*  and  at  different  salt-water 
ratios:  A)  degree  of  decomposition 
(%);  B)  time  (minutes).  S  :  W  ratio; 
1)  0.05;  2)  0.25;  3)  0.43;  4)  1.5. 


where  a  is  the  amount  of  monocalcium  phosphate  hydrolyzed,  and  is  the  amount  of  monocalcium  phosphate  in 
solution. 
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A 


sentation  of  the  hydrolysis 
of  monocalcium  phosphate: 

A)  degree  of  decomposition; 

B)  time;  1)  hydrolysis  with¬ 
out  supersaturation  of  the 
solution;  2)  hydrolysis  with 
supersaturation  of  the  solu¬ 
tion  by  dlcalcium  phosphate, 


Fig.  1  shows  variations  of  the  degree  of  decomposition  of  monocal- 
clum  phosphate  by  water  as  a  function  of  time  at  20*  and  at  different 
salt-water  (S :  W)  ratios.  It  is  seen  that  equilibrium  was  not  reached  in 
2  hours  at  any  of  the  S :  W  ratios  taken.  Comparison  of  these  results  with 
the  equilibrium  values  calculated  from  the  diagram  for  20*  [1]  shows  that 
for  S:  W  ratio  of  0.25,  the  degree  of  decomposition  of  monocalcium  phos¬ 
phate  at  equilibrium  reaches  40.51<yo,  and  after  2  hours  it  is  only  21.9^ 
during  the  first  15  minutes  20<^of  the  moncalclum  phosphate  is  decomposed. 
The  rate  varies  analogously  for  other  S  :  W  ratios. 

At  S ;  W  ratio  of  0.1,  10°/o  is  hydrolyzed  during  the  first  sue  minutes, 
and  only  l.T^o  during  the  subsequent  10  minutes.  The  hydrolysis  rate  is 
relatively  high  during  the  first  5-10  minutes  of  contact  between  mono¬ 
calcium  phosphate  and  water.  Subsequently  hydrolysis  slows  down  with 
accumulation  of  phosphoric  acid  in  solution.  The  subsequent  decomposi¬ 
tion  of  monocalcium  phosphate  in  presence  of  free  phosphoric  acid  is 
relatively  slow.  The  curves  for  degree  of  decompositon  as  a  function  of 
time  (Fig.  1)  follow  a  peculiar  course,  which  is  observed  in  all  experi¬ 
ments,  both  in  duplicate  and  under  different  conditions. 


The  first  relatively  short  period  of  rapid  decomposition  of  the  salt 
is  followed  by  some  retardation  (or  arrest)  of  hydrolysis  for  about  20  minutes.  Subsequently  the  degree  of  hydro¬ 
lysis  gradually  increases  with  time  of  stirring  and  asymptotically  approaches  its  equilibrium  value. 

A  possible  explanation  of  this  character  of  the  curves  is  that  the  degree  of  decomposition  of  monocalcium 
phosphate  by  water  at  any  instant  is  determined  by  a  number  of  processes  taking  place  at  different  rates.  These 
include  dissolution  of  the  salt,  its  reaction  with  water,  and  crystallization  of  dicalclum  phosphate.  The  tendency 
of  mono-  and  dicalcium  phosphates  to  form  supersaturated  solutions  [1,  7]  must  also  be  taken  into  account.  It  is 
possible  that  during  the  initial  period  the  solution  is  supersaturated  with  respect  to  dicalclum  phosphate,  and  the 
decomposition  rate  of  monocalcium  phosphate  is  determined  by  the  rate  of  its  dissolution.  The  amount  of  mono¬ 
calcium  phosphate  which  dissolves  and  undergoes  hydrolysis  is  somewhat  greater  than  the  amount  which  would 
be  dissolved  and  hydrolyzed  in  absence  of  supersaturation.  The  dicalcium  phosphate  formed  does  not  yet  have 
time  to  crystallize.  Subsequently  supersaturation  ceases  because  of  the  interaction  of  phosphoric  acid  with  di¬ 
calcium  phosphate  (Fig.  2). 


Hydrolysis  of  the  Products  of  Incomplete  Decomposition  of  Apa¬ 
tite  by  Phosphoric  Acid 


Time  (min) 

Degree  of  decomposition  (%)  at  different  tem¬ 
peratures  and  S :  W  ratios 

0.75 

0.5 

1.5 

0.75 

0.5 

40^ 

80“ 

10 

4.8 

18.8 

18.8 

20 

17.2 

20.0 

21.0 

30 

Nil 

Nil 

17.4 

— 

26.3 

(iO 

20.7 

2.5.6 

29.2 

180 

1.1 

2.5 

22.5 

26.4 

34.1 

240 

1.6 

7.5 

— 

— 

_ 

300 

— 

8.5 

26.0 

— 

— 

As  a  result,  the  degree  of  hydrolysis  diminishes  somewhat  during  the  second  period.  This  is  also  confirmed 
by  the  fact  that  the  amount  of  phosphoric  acid  in  solution  decreases  during  the  period  when  the  Increase  of  the 
degree  of  decomposition  is  retarded.  This  is  accompanied  by  a  decrease  in  the  amount  of  monocalcium  phos¬ 
phate  because  of  its  crystallization  as  the  result  of  even  greater  supersatutation  of  the  solution  owing  to  the  occur¬ 
rence  of  the  reverse  reaction  (removal  of  supersaturation). 
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Fig.  3  Fig.  4 

Fig.  3.  Isotherm-  Isochrones  for  the  degree  of  decomposition  of  monocalcium  phos¬ 
phate  by  water  at  20’  as  a  function  of  the  S:  W  ratio;  A)  degree  of  decomposition 
of  monocalclum  phosphate  (%);  B)  S:W  ratio.  Time  (minutes):  1)  7;  2)  30;  3)120. 

Fig.  4.  Degree  of  decomposition  of  monocalclum  phosphate  by  water  at  S;  W  ratio 
1.5  and  various  temperatures:  A)  degree  of  decomposition  (<yo);  B)  time  (minutes). 
Temperature  (’C);  1)20;  2)50;  3)60;  4)80. 


The  highest  degree  of  decomposition  at  20*  during  2  hours  Is  reached  at  S :  W  ratio  1.5  (Fig.  3). 

The  degree  of  decomposition  In  a  given  time  decreases  with  change  of  this  ratio. 

The  curve  for  variations  of  the  degree  of  hydrolysis  with  S :  W  ratio  for  a  2-hour  period  Is  analogous  to  the 
curve  for  equilibrium  conditions.  However,  with  decrease  of  the  reaction  time  (the  7-  and  30-mlnute  Isochrones) 
the  change  In  the  degree  of  hydrolysis  In  the  region  of  high  S ;  W  ratios  is  somewhat  different  In  character.  Thus, 
for  the  30-mlnute  isochrone,  the  maximum  degree  of  decomposition  Is  somewhat  further  to  the  right,  at  a  lower 
S  :  W  ratio.  The  7-minute  Isochrone  has  two  maxima;  the  reasons  for  this  were  discussed  above. 


Variation  of  the  degree  of  decomposition  of  monocalclum  phosphate  with  time  at  different  temperatures  are 
plotted  in  Fig.  4. 


1,0  so 

Fig.  5.  Isochrones  for  the 
degree  of  decomposition 
of  monocalclum  phosphate 
by  water  as  a  function  of 
temperature  at  S ;  W  ratio 
0.25:  A)  degree  of  decom¬ 
position  of  monocalclum 
phosphate (<7o)i  B)  tempera¬ 
ture  (*C).  Time(min): 

1)10;  2)7;  3)  120;  4)  at  equi¬ 
librium. 


The  degree  of  decomposition  Increases  with  rise  of  temperature  from 
20’  to  80*.  At  S:  W  ratio  1.5  the  degree  of  decomposition  in  2  hours  Is  38.5<7o 
at  30’,  49^0  at  40’,  55,4<yo  at  50’,  64.5^^  at  60’,  and  72.5‘7o  at  80*. 

A  similar  relationship  holds  at  other  S:  W  ratios.  For  example,  at 
S :  W  ratio  0.05,  the  degree  of  decomposition  for  the  same  time  is  9.0%  at 
20’,  22.5%  at  30’,  25.8%  at  40’,  29.5%  at  50’,  34.65%  at  60’,  and  47.2%  at 
80*. 

The  curves  for  variations  of  the  degree  of  decomposition  with  time 
each  have  these  three  regions  for  all  the  temperatures  studied.  Supersatura¬ 
tion  of  the  solution  with  dicalcium  phosphate  Increases  during  the  first  period 
with  rise  of  temperature,  and  accordingly  the  degree  of  decomposition  shows 
a  greater  decrease  during  the  second  period.  The  influence  of  the  time  factor 
in  hydrolysis  is  illustrated  in  Fig.  5,  which  shows  isochrones  for  7, 10,  and 
120  minutes  compared  with  the  equilibrium  curve  for  variations  of  the  degree 
of  decomposition  with  temperature. 

The  7-minute  isochrone  lies  somewhat  higher  than  the  10 -minute  curve. 
The  degree  of  hydrolysis  increases  little  with  increase  of  temperature  in  the 
20-40*  range.  There  is  a  sharp  increase  of  the  degree  of  decomposition  in  the 
40-80’  range.  Accordingly,  the  system  Is  much  further  from  equilibrium  at 
low  than  at  high  temperatures.  This  accounts  for  the  observed  greater  change 
of  the  degree  of  hydrolysis  during  the  second  period  of  interaction  between 
the  salt  and  water. 
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Fig.  6.  Two-hour  and  equilibrium 
isotherms  for  the  degree  of  decom¬ 
position  of  monocalcium  phosphate 
by  water  as  a  function  of  S :  W  ratio: 
A)  degree  of  decomposition  of  mono¬ 
calcium  phosphate  (<yo);  B)  amount 
of  Ca(HjP04)2  (in  grams  per  100  g 
water).  Temperature  (*C):  1)  20; 

2)  20  (equilibrium,  after  Sanfourch); 

3)  50;  4)  60  ;  5)  80 ;  6)  80  (equilib¬ 
rium  .after  Belopol’skii). 


In  Fig.  6  the  results  are  compared  with  the  data  of  Belo- 
pol'skii  et  al.  [1]  and  of  Sanfourch  [6],  Their  results  refer  to 
systems  at  equilibrium. 

Curves  1  and  3-5  represent  variations  of  the  degree  of  de¬ 
composition  of  monocalcium  phosphate  with  the  S :  W  ratio  for  a 
2-hour  period.  It  is  seen  that  the  curves  for  20  and  80*,  based 
on  our  experimental  data  lie  somewhat  below  the  corresponding 
equilibrium  curves;  this  is  because,  as  already  stated,  equilibrium 
was  not  reached  during  the  time  of  the  experiments. 

Variations  of  the  solution  composition  with  time  at  S:  W 
ratios  1.5  and  0.25  at  80*  are  represented  by  the  isotherms  In 
Fig.  7. 

The  solution  composition  varies  In  the  course  of  hydrolysis 
along  the  saturation  line,  approaching  the  equilibrium  points  A 
and  B. 


At  S;  W  ratios,  such  that  the  salt  does  not  dissolve  completely 
at  once,  but  only  as  hydrolysis  proceeds,  the  point  for  the  equilib¬ 
rium  solution  (A)  lies  to  the  right  of  the  points  for  nonequilibrium 
solutions  (1,  2,  3)  in  the  direction  of  higher  P2O5  contents.  At  S:W 
ratio  0.25  the  salt  dissolves  completely  in  .water,  and  therefore  the 
point  for  the  equilibrium  solution  (B)  lies  in  a  region  of  lower 
P2O5  content,  i.e.,  to  the  left  of  the  equilibrium  point  (4,  5,  6). 


Fig.  1.  Variation  of  solution  composition  with  decomposition  of  monocalcium  phos¬ 
phate,  represented  in  the  equilibrium  diagram  for  the  system  CaO— PjOj— H2O  at  80*: 
ordinates)  CaO  contents  (<7o);  abscissas)  P2O5  contents  C^);  M)  composition  of  the  sol¬ 
uble  portion  in  incomplete  decomposition  of  apatite  by  phosphoric  acid.  Compositions 
of  the  system  at  S:W  ratios:  Q)1.5;  N)0.25;  P)0.8;  K)  0.5.  Times  from  start  of  experi¬ 
ment  (min);  for  System  Q:  1)3;  2)10;  3)30;  for  System  N:  4)7;  5)60;  6)120;  for  System  P: 
7)10;  8)20;  9)60;  for  System  K:10)10;  11)180. 


739 


It  follows  from  these  data  that  hydrolysis  of  monocalcium  phosphate  beginns  immediately  upon  mixing 
the  reagents,  at  all  temperatures  and  ratios  of  the  starting  substances.  In  the  cyclic  process  of  phosphate  conversion 
one  stage  of  the  process  Is  leaching  of  the  monocalcium  phosphate  formed  in  water. 

The  yield  of  the  product  would  be  considerably  lowered  if  hydrolysis  took  place.  However,  in  the  material 
leached,  the  degree  of  decomposition  of  apatite  Is  approximately  70%.  Moreover,  it  is  to  be  expected  that  in 
presence  of  free  phosphoric  acid,  hydrolysis  would  be  retarded.  The  composition  of  the  soluble  portion  of  the  sys¬ 
tem  after  70%  decomposition  of  apatite  (Fig.  7,  point  M)  is:  CaO  20.4%,  PjOg  67.5%,  and  HjO  12.1%. 

This  composition  was  taken  as  the  basis  for  preparation  of  solutions  of  Ca(H2P04)j  and  phosphoric  acid  with 
different  amounts  of  added  water,  for  studies  of  monocalcium  phosphate  hydrolysis  at  20,  40,  and  80*. 

The  results  are  given  in  the  table. 

No  decomposition  of  monocalcium  phosphate  was  observed  at  20*  at  any  S :  W  ratio,  and  at  40*  at  S :  W  ratio 
1.5.  At  40*  and  S:  W  ratios  0.75  and  0.5  hydrolysis  was  observed  only  after  3  hours.  No  hydrolysis  could  be  de¬ 
tected  at  the  same  temperature  in  5  hours  as  S :  W  ratio  1.5.  Thus,  the  lower  the  free  phosphoric  acid  concentra¬ 
tion  in  the  solution,  the  earlier  does  hydrolysis  begin  and  the  higher  is  the  degree  of  decomposition  in  a  given  time. 

Figure  7  shows  the  compositions  of  solutions  obtained  at  80*  after  10,  20,  and  180  minutes  at  S:W  ratio 
0.75  (7,  8,  9)  and  after  10  and  80  minutes  at  S :  W  ratio  0.5  (10,  11). 

The  solutions  had  not  reached  equilibrium  composition,  but  were  gradually  approaching  it  along  the  satura¬ 
tion  line  (points  D  and  C). 

The  results  obtained  in  this  study  of  hydrolysis  in  presence  of  phosphoric  acid  show  that  monocalcium  phos¬ 
phate  can  be  leached  at  20  and  40*out  of  the  products  formed  by  the  decomposition  of  apatite  by  phosphoric  acid 
without  loss  of  P2O5  as  the  result  of  hydrolysis. 

SUMMARY 

1.  The  degree  of  decomposition  of  monocalcium  phosphate  by  water  depends  on  the  time  of  contact  between 
the  reagents. 

The  hydrolysis  rate  is  highest  during  the  first  5-10  minutes  of  interaction  between  the  salt  and  water. 
Thus,  at  S:  W  ratio  1.5,  tne  degree  of  decomposition  at  20*  is  32.5%  during  the  first  10  minutes,  and  7.5%  during 
the  subsequent  10  minutes.  At  S:  W  ratio  0.1,  the  degree  of  decomposition  over  the  corresponding  periods  is  10 
and  1.7%,  respectively. 

2.  The  degree  of  decomposition  at  a  given  S :  W  ratio  and  decomposition  time  increases  with  rise  in  tem¬ 
perature.  At  S :  W  ratio  1.5,  the  degree  of  decomposition  in  2  hours  is  38.5%  at  30*,  49% at  40*,  55.4%  at  50*, 
64,5%  at  60*,  and  72.5%  at  80*.  At  S:  W  ratio  0.05,  the  degree  of  decomposition  is  9%  at  20*,  22.5%  at  30*,  25.8% 
at  40*,  29.5%  at  50*,  34.65%  at  60*,  and  47.2%  at  80*. 

3.  The  degree  of  decomposition  of  monocalcium  phosphate  is  considerably  lower  in  presence  of  free  phos¬ 
phoric  acid  than  in  pure  water  under  the  same  conditions.  At  20*  and  S :  W  ratios  0.75  and  0.5,  no  hydrolysis  was 
observed  over  a  period  of  5  hours  (the  composition  of  the  original  system  was:  P2O5  67.5%,  CaO  20.4%,  H2O  12.1%). 
At  40*  and  the  same  S:  W  ratios  hydrolysis  was  observed  only  3  hours  after  the  start  of  the  experiment. 

4.  Variations  of  the  degree  of  decomposition  of  monocalclum  phosphate  with  time  show  three  different 
regions.  A  first,  relatively  short  period  of  rapid  decomposition  is  followed  by  some  retardation  (or  cessation)  of 
hydrolysis,  followed  by  a  slow  increase  of  the  degree  of  decomposition.  It  is  suggested  that  this  effect  is  caused 
by  supersaturation  of  the  solution  with  dicalcium  phosphate. 
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THE  HARDENING  OF  SOREL  CEMENTS* 

I.  P.  Vyrodov  and  A.  G.  Bergman 

Despite  the  inexhaustible  reserves  of  magnesium  chloride  and  magnesites,  and  also  of  dolomites,  our  prod¬ 
uction  and  utilization  of  magnesium  oxychloride  (Sorel)  cements  is  still  at  a  low  level. 

Economic  calculations  [3,  4]  show  that  tiie  production  costs  of  mass-produced  goods,  such  as  floor  coverings 
(xylolith,  Sorel  cement  with  sawdust  filler),  wall  partitions  (fibrolite,  Sorel  cement  with  wood  shavingi),  and  other 
products  [5]  can  be  lowered  considerably. 

Therefore,  deeper  investigations  into  the  nature  of  Sorel  cements  are  of  great  technological  importance. 

The  present  communication  contains  some  of  our  data  obtained  by  differential  thermal,  tensimetric,  and 
x-ray  structural  analyses. 


A 


Fig.  1.  Thermograms  for  cements  of  different  compositions:  A)  temper¬ 
ature  (’C);  B)  time  (minutes),  a)  MgO  •  MgClj*  lOHjO;  b)  2MgO*MgClj* 

•  lOHjO;  c)  3MgO  •  MgClj  *  10H,O. 

EXPERIMENTAL 

1.  Samples  of  Sorel  cements  prepared  as  described  previously  [1,  2]  were  studied  by  means  of  differential 
Aermal  analysis.  Thermograms  of  samples  made  with  35<7o  magnesium  chloride  solutions  are  given  in  Figs.  1  and 
2.  The  MgO:  MgClj  ratios  for  these  samples  were  1 : 1,  2: 1;  3:1;  5:1,  7:1.  The  first  sample  (MgO:  MgClj  =1:1) 

•  Communication  III  [1,  2]. 
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A 


Fig.  2.  Thermograms  for  cements  of  different  compositions  and  for 
Mg(OH)j:  A)  temperature  (*C);  B)  time  (minutes);  a)  5MgO*MgClj* 
lOHjO;  b)  7MgO-  MgCl,-10H,O,  c)  Mg(OH)j. 


A 


Fig.  3.  Thermograms  of  precipitates  formed  from  different  MgClj  solu' 
tions:  A)  temperature  (*C);  B)  time  (minutes).  MgC If  contents (%); 
a)  10;  b)  15;  c)  20. 


as  Fig.  1  (curve  a)  shows,  exhibits  four  distinct  endothermic  effects  at  175,  200,  530,  and  715*.  The  second  sample 
(MgO:  MgClf  =  2:1),  represented  by  curve  b.  Fig.  1,  shows  five  sharp  endothermic  effects  at  190,  215,  460,  530, 
and  715*.  The  third  sample  (MgO:  MgClf  =  3:1),  represented  by  curve  c.  Fig.  1,  has  four  pronounced  endothermic 
effects  at  220,  480,  540,  and  720*,  and  an  indistinct  endothermic  effect  at  260*.  A  characteristic  feature  for  these 
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three  samples  is  the  shift  of  the  series  of  endothermic  effects  in  the  direction  of  higher  temperatures.  The  endo¬ 
thermic  effect  at  175*  for  the  first  sample  is  shifted  to  190“for  the  second  sample  and  to  220“  for  the  third.  The 
endothermic  effect  at  200*  for  the  first  sample  is  shifted  to  215*  for  the  second  and  to  260*  for  the  third.  The 
second  sample  shows  a  new  endothermic  effect  at  560*,  which  is  shifted  to  480*  for  the  third.  The  endothermic 
effect  at  530*  is  shifted  to  540*,  and  the  endothermic  effect  at  715*,  to  720*. 


A 


Fig.  4.  Thermograms  of  precipitates  formed  from  different  MgClj  solutions: 

A)  temperature  (*C);  B)  time  (minutes).  MgCl|  contents  (<7o):  a)  25;  b)  30; 
c)  35. 

The  sample  with  the  composition  MgO:  MgClj  =  5:1  (curve  a.  Fig.  2)  shows  a  new  pronounced  endother¬ 
mic  effect  at  385*.  In  addition,  there  are  strong  endothermic  effects  at  205,  440,  515,  and  720*,  and  a  weak  one 
at  270*.  The  sample  with  the  composition  MgO:  MgClj  =7:1  (Fig.  2,  curve  b)has  only  two  strong  endothermic 
effects,  at  230  and  470*,  and  two  weak  effects,  at  530  and  715*.  Thus  samples  with  MgO:  MgClj  ratios  of  1:1, 
3:1,  5:1,  and  7 : 1  are  distinguished  from  each  other.  The  endothermic  effects,  corresponding  to  these  composi¬ 
tions  persist  over  relatively  wide  concentration  ranges  (at  constant  MgO:  MgClj  ratios). 

The  solid  precipitates  formed  when  0.5  g  MgO  was  shaken  with  100  cc  lots  of  magnesium  chloride  solutions 
of  different  concentrations  were  subjected  to  differential  thermal  analysis.  It  is  clear  from  Figures  3  and  4  that 
the  differential  curves  for  the  precipitated  formed  after  3  days  in  10,  15,  20,  25,  30,  and  35<7o  solutions  did  not 
show  the  endothermic  effects  (at  410*)  characteristic  of  Mg(OH)j  (Fig,  2,  curve  c). 

It  also  follows  from  Figs.  3  and  4  that  the  oxychlorides  formed  in  the  precipitates  from  10,  15,  and  20*70  solu¬ 
tions  differ  appreciably  from  each  other,  whereas  the  oxychloride  formed  in  the  precipitate  from  25<7o  solution  is 
also  found  in  the  35*7©  solution. 

Since  none  of  these  thermograms  shows  an  endothermic  effect,  corresponding  to  MgfOH)^,  it  follows  that 
magnesium  hydroxide  isnot  formed  as  an  intermediate  phase  in  the  hardening  of  Sorel  cements.  Comparison  of 
the  x-ray  patterns  for  a  sample  made  with  35*70  solution  at  MgO:  MgCl2  close  to  5  : 1  and  heated  to  above  200, 

480,  and  530*,  shows  that  the  compositions  formed  as  the  result  of  heating  give  new  lines  in  the  x-ray  patterns. 
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Fig.  5.  P  =  f(X)  isotherms:  P)  water-vapor  pressure  (mm  Hg), 
X)  composition  (%).  Values  of  n  (%  MgO):  1)35;  2)40;  3)45; 
4)  50;  5)  60;  6)  75;  7)  105. 


TABLE  1 

Interplanar  Spacing  for  the  Oxychloride  3MgO*  MgCl2  ’lOHjO 


Heating 
tempera¬ 
ture  (*C) 

■ 

2L 

(ram) 

0' 

d 

(In  kX) 

Heating 
tempera¬ 
ture  (*C) 

/ 

.  2L 
(mm) 

0* 

£ 

(In  kX) 

w 

43 

21.5 

2.64 

m 

47.0 

23.5 

2.42 

s 

47.4 

23.7 

2.41 

m 

49.65 

24.82 

2.29 

s 

55.2 

27.6 

2.09 

vs 

54.9 

27.45 

2.096 

200  • 

vw 

59.15 

29.6 

1.955 

m 

72.3 

36.15 

1.638 

s 

81.65 

40.82 

1.482 

/•fiO 

vs 

81.2 

40.0 

1.4S4 

m 

73.9 

53.05 

1.210 

w 

87.6 

46.2 

1.338 

w 

46.0 

67.0 

1.0495 

m 

80.5 

49.75 

1.265 

1 

s 

74.3 

52.85 

1.212 

■ 

vw 

20.15 

2.80 

s 

46.0 

67.0 

1.0495 

vw 

43.15 

21.57 

2.62 

vw 

42.0 

69.0 

1.0347 

Note;  vw  =  very  weak,  w  =  weak,  m  =  medium,  s  =  strong,  vs  =  very  strong. 
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not  found  in  the  patterns  for  the  preceding  compositions.  It  was 
found  that  the  crystal  system  of  the  sample  heated  to  above  200* 
is  hexagonal.  When  the  sample  is  heated  to  above  480*,  the 
system  is  changed  to  tetragonal  (Table  1). 

2.  The  hypothesis  which  had  been  put  forward  by  a  number 
of  workers, concerning  the  possibility  of  formation  (rf  Mg(OH)| 
during  hardening  of  Sorel  cements,  made  with  the  use  of  con¬ 
centrated  solutions,  was  not  confirmed  by  our  experiments.  To 
test  this,  x-ray  structural  analysis  of  hardening  specimens  was 
performed,  polished  sections  being  photographed.  The  focusing 
angle  was  calculated  by  Kurdyumov's  method  [6].  The  x-ray 
patterns  were  taken  at  Intervals  of  1.5  hours  and  then  24  hours 
after  the  mbclng.  The  formation  of  Mg(OH)j  should  be  revealed 
by  very  Intense  lines,  corresponding  to  Interplanar  spacings  d/n  ■ 
=  4.75,  2.36  and  1.79  kX. 

However,  such  lines  were  not  detected  either  during  the  period  up  to  the  temperature  maximum  of  the  re¬ 
action  (3-4  hours)  or  after  the  maximum  (Table  2).  The  exposures  were  30  minutes  with  a  Cu  anode,  in  an  RKD 
camera,  D  =  57.3  mm.  Nevertheless,  a  bruclte  layer  (d/n  =  2.36  A)  is  formed  in  mixtures  with  MgO:  MgClj 
ratios  less  than  3 : 1  soon  after  the  temperature  maximum  is  reached.  The  somewhat  high  values  for  (d/n)  of  the 
brucite  layer  for  the  sample  with  MgO:  MgClf  ratios  of  5  : 1  (d/n  =  2.42  kX)  and  the  broadening  of  the  reflection, 
corresponding  to  this  interplanar  spacing,  may  be  attributed  to  deviations  of  the  composition  of  the  oxychlorides 
formed  during  hardening  from  the  stoichiometric  ratio,  owing  to  lattice  defects.  The  anion  sites  in  the  forming 
lattice  are  statistically  distributed  between  OH”  and  Cl”  ions,  the  radii  of  which  conform  to  the  expression  Ar/r  w 
w  15%  [7].  In  consequence  the  x-ray  patterns  of  the  cements  have  no  reflections  in  the  precision  region  (small 
d/n  and  large  0).  As  the  solution  concentration  decreases,  lines  begin  to  appear  in  the  precision  region  too,  and 


Fig.  6.  P  =  f  (n)  Isotherm:  P)  water- 
vapor  pressure  (mm  Hg);  n)  compo¬ 
sition  (%  MgO). 


TABLE  2 


Interplanar  Spacings  for  a  Hardening  Sample  of  the  Compo¬ 
sition  3MgO  •  MgClj  •  10H|O 


Diagram 

No. 

Time  from  mixing 
of  MgO  with 
MgC]|  solution 

/ 

I. 

(mm) 

1 

0“ 

(in  kX) 

I 

VI 

7 

7.07 

6.24 

1 

1.5 

hours  ( 
1 

vs 

s 

10 

19.6 

10.1 

19.8 

4.38 

2.269 

1 

m 

29 

29.3 

1.570 

1 

VI 

7 

7.07 

6.24 

2 

3 

hours  j 

i 

vs 

s 

10 

19.6 

10.1 

19.8 

4.38 

2.269 

1 

1 

m 

29 

29.3 

1.570 

vs 

7 

7.07 

6.24 

vs 

10 

10.1 

4.38 

3 

4.5 

hours 

vw 

vw 

15.8 

17.2 

15.9 

17.3 

2.805 

2.599 

s 

19.6 

19.8 

2.269 

m 

29 

29.3 

1.570 

1 

vs 

11 

11.1 

3.99 

vw 

16.5 

16.6 

2.675 

4 

One  day 

w 

18.8 

18.5 

2.42 

s 

21.2 

21.3 

2.116 

1 

w 

31.0 

31.3 

1.479 

the  Interplanar  spacing  (d/n)  of  2.42  kX  diminishes  to  2.36  A.  In  x-ray  Investigations  of  Sorel  cements  difficulties 
arise  as  the  result  of  the  presence  of  large  amounts  of  water,  producing  a  strong  background  effect  on  the  patterns. 
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in  the  higher  hydrates;  this  makes  identification  and  interpretation  of  the  patterns  difficult.  The  use  of  a  com¬ 
bination  of  physicochemical  methods  proves  extremely  effective  in  studies  of  such  systems.  It  was  noted  In  our 
earlier  papers  [1,  2]  that  broadening  of  the  x-ray  lines  is  caused  more  by  lattice  defects  than  by  the  high  degree 
of  dispersion  of  the  oxychlorides.  This  is  also  confirmed  by  the  form  ofthe  isotherms  (Fig.  5)  [8]. 

3.  Samples  conforming  to  the  general  formula  [q%MgCl2  +  (100  —  (\)°]o  H2O]  +  n^oMgO  were  subjected  to 
tensimetric  analysis  .  The  samples  were  kept  in  desiccators  for  14  months.  The  P— (Am/m)(Fig.5)  were  used 
to  plot  P— n  isotherms  [9]  (Fig.  6). 

Results  for  q  =  35%,  are  given  in  this  paper.  The  samples  of  the  composition  3MgO  •  MgCl2  *  IOH2O,  and 
samples  containing  35,  40,  and  50%  MgO,  all  exhibit  five  hydration  steps.  For  the  sample  of  the  composition 
3MgO"  MgCl2  '  IOH2O  the  first  hydration  step  (0.01-0.3  mm)  corresponds  to  dehydration  of  the  sample  formed 
at  P  =  0.3  mm  by  1.35  molecules  of  water.  The  second  step  corresponds  to  dehydration  of  the  sample  formed 
at  P  =  1.6  mm,  also  by  1.35  molecules  of  water.  The  third  step  corresponds  to  dehydration  of  the  sample  formed 
at  P  =  14.5  mm  by  5.7  molecules  of  water,  and  finally,  the  last  step  corresponds  to  hydration  of  the  sample  formed 
at  P  =  14.5  mm  by  8.25  molecules  of  water  (to  P  =  15.3  mm). 

Samples  were  not  kept  in  desiccators  at  higher  water-vapor  pressures  because  this  caused  such  strong  hydration 
that  drops  of  water  appeared  on  the  surface  of  the  samples.  Thus,  it  follows  from  these  results  that  samples  of  the 
composition  3MgO'  MgCl2  *101120,  formed  at  21”,  may  be  dehydrated,  losing  4.2  molecules  of  water ,  or  hydrated 
adding  12.5  molecules  of  water.  The  stability  of  the  oxychloride  3MgO*  MgCl2  •  IOH2O  (with  small  deviation  from 
10  molecules  of  water)^when  kept  in  the  air  at  about  room  temperature,  can  be  ascribed  to  the  presence  of  the 
highest  hydration  step  (1.6-14.5  mm).  The  oxychloride  made  with  35%  MgCl2  solution  with  MgO :  MgCl2  ratio 
of  5  : 1  (5  MgO  •  MgCl2-  IOH2O)  has  these  properties  when  hydrated  up  to  two  molecules  of  water  (Fig.  5);  this 
corresponds  to  a  shift  of  the  coordinate  origin  to  the  point  Am/mQ,  representing  +4%.  If  the  same  is  applied  to 
the  sample  with  the  composition  7MgO*  MgCl2*  IOH2O,  we  find  14  molecules  of  water.  Thus,  samples  stable 
when  stored  in  air  at  about  room  temperature  correspond  to  the  formulas;  3MgO*  MgCl2  *101120,  5MgO*MgCl2* 
•I2H2O,  7Mg0-MgCl2*14H20. 

Because  of  small  variations  of  P  and  T  under  room  conditions,  there  should  be  some  deviations  from  these 
numbers  of  water  molecules.  This  accounts  for  the  discrepancies  between  the  values  found  by  a  number  of  workers 
[10-13]  for  the  number  of  water  molecules  in  the  oxychloride  3MgO*  MgCl2*10H2O. 

Within  the  limits  of  each  step  in  the  isotherm  the  pressure  P  as  a  function  of  the  relative  change  of  mass 
Am/  iTio  can  be  represented  by  the  formula 


Am 

P  =  k - 4-C,  in), 

mo  ^ 


(1) 


where  Cj  is  a  constant  which  depends  on  the  percentage  composition  of  MgO  in  the  cement  (n),  and  Am  is  the 

difference  between  the  initial  mass  and  the  mass  corresponding  to  pressure  P,  such  that  Am  =  m— mj.  Represent- 

.  ,  ,  Am  m  ^  .  dX  1 

mg  the  variable  - 


- 1  =  X,  we  have  - — 

mn  dm 


mj 


From  Equation  (1)  we  have 


dPz=  kdX  or 


dm 

~dP 


"».o 

k 


(2) 


Thus,  for  a  given  sample  the  variation  of  pressure  with  mass  (dp/  dm)  is  inversely  proportional  to  the  initial 
mass  mj,  whereas  dP/dX  is  independent  of  the  mass  mj.  We  used  this  criterion  for  plotting  the  graphs  and  for 
analysis  of  our  results. 

SUMMARY 

1.  Differential  heating  curves  for  the  oxychlorides  were  found  to  exhibit  endothermic  effects  characterizing 
different  compositions  of  oxychlorides  and  their  hydrates. 

2.  It  is  shown  that  the  positions  of  OH"  and  Cl"  ions  are  not  differentiated  in  the  crystal  lattice  of  the  oxy¬ 
chlorides  formed. 


3.  It  i5  shown  that  the  crystal  system  of  the  decomposition  product  of  the  oxychloride  of  the  general  formula 
3MgO  •  MgClj*  10H|O  changes  from  hexagonal  to  tetragonal  on  heating. 

4.  Magnesium  hydroxide  is  not  formed  as  an  intermediate  phase  during  the  hardening  of  cements. 

5.  It  follows  from  P— X  and  P— n  isotherms  that  Sorel  cements  form  nonstoichiometric  hydrated  oxychlorides. 
The  smallest  deviations  from  stoichiometric  composition  are  found  for  samples  with  vapor  pressures  in  the  range 

of  1.6-14.5  mm. 

6.  The  reasons  for  the  discrepancies  between  the  results  obtained  by  different  workers  in  determination  of 
the  formula  of  the  oxychloride  3MgO'  MgCl|*  lOHjO  have  been  found  and  it  is  shown  that  data  on  oxychloride 
composition  must  be  augmented  by  the  conditions  of  the  investigation:  water-vapor  pressure  and  temperature. 
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DECOMPOSITION  OF  SILVER  HALIDES  AND  DETERMINATION 


OF  THEIR  SILVER.  BROMINE,  AND  IODINE  CONTENTS 

G .  I.  Barannikov 

The  Perm’  Pharmaceutical  Institute 


Volumetric  and  gravimetric  methods  for  determination  of  silver  by  means  of  halides,  and  vice  versa,  lead 
to  accumulation  of  considerable  quantities  of  silver  residues  for  recovery  in  chemical  laboratories.  The  author 
of  this  paper  was  interested  in  practical  possibilities  of  decomposing  silver  halides  remaining  at  the  end  of  titra¬ 
tion  and  their  reconversion  into  useful  substances. 

Fairley  [1]  used  hydrogen  peroxide  for  reduction  of  silver  from  its  oxide,  and  Kleinstuck  [2]  showed  quali¬ 
tatively  that  hydrogen  peroxide  in  an  alkaline  medium  (KOH)  also  reduces  silver  chloride  to  the  metal;  Karyakin 
[3]  lists  glucose,  formaldehyde,  zinc  and  iron  in  metallic  form,  and  zinc  in  contact  with  silver  or  platinum  wire 
as  reducing  agents  for  silver  halides;  Shchigol’  [4]  used  arsenite  in  an  alkaline  medium  for  the  same  purpose,  and 
Shat’ko  [5]  used  chromous  salts;  Zolotavin  and  Troitskaya  reduced  silver. in  solution  by  means  of  thallous  nitrate, 
while  Nikitina  [7]  and  Erdey  and  Buzas  [8]  used  ascorbic  acid  for  this  purpose. 

In  our  experiments  we  used  a  mixture  of  caustic  soda  and  hydrogen  peroxide  to  decompose  silver  halides 
and  simultaneously  to  reduce  silver  to  the  metal.  In  contrast  to  arsenites  and  thallium  compounds,  this  solution 
does  not  contain  toxic  elements,  is  readily  available  and  has  good  reducing  properties. 

EXPERIMENTAL 

Determination  of  Silver  and  Its  Chloride.  10.0  ml  of  0.1  N  sodium  chloride  solution  was  titrated  in  a  250  ml 
conical  flask  with  silver  nitrate  solution  in  presence  of  dichlorofluorescein.  One  and  one  half  the  volume  of  3  N 
NH4OH  solution  was  added  without  undue  delay  to  the  precipitate.  The  precipitate  dissolved  within  one  hour  when 
shaken  at  intervals;  solution  was  more  rapid  in  concentrated  ammonia  solutions.  A  freshly- prepared  mixture  con¬ 
sisting  of  2-2.5  ml  of  30%  NaOH  and  5  ml  of  30%  hydrogen  peroxide  was  added  to  the  clear  ammoniacal  solution 
and  the  liquid  was  stirrerd.  The  reduction  of  silver  to  the  metal  proceeded  smoothly  at  room  temperature.  When 
the  liquid  was  heated  in  an  inclined  vessel  on  a  sand  bath  under  draft,  the  reaction  rate  obviously  increased  with 
increase  of  temperature  and  decrease  of  ammonia  concentration. 

When  evolution  of  oxygen  bubbles  ceased,  which  showed  that  decomposition  of  hydrogen  peroxide  was  com¬ 
plete,  the  vessel  was  placed  in  the  vertical  position  and  ammonia  was  completely  removed  by  gentle  boiling  (tested 
with  mercurous  nitrate).  200-250  ml  of  water  was  then  added  to  the  vessel  and  the  contents  brought  to  the  boil. 

The  liquid  was  cooled  and  passed  through  an  ashless  filter  (without  the  precipitate  as  far  as  possible);  at  the  end 
of  the  filtration  the  filter  was  washed  several  times  with  water.  The  silver  precipitate  was  washed  three  times 
by  decantation  with  boiling  water,  transferred  to  the  filter,  and  washed  with  cold  water  to  a  negative  reaction  for 
alkali  and  chloride.  The  filter  was  dried  and  ashed  in  a  crucible  together  with  the  precipitate,  which  was  then 
heated  strongly  in  a  muffle  until  the  silver  began  to  melt,  cooled,  and  weighed. 

The  results  of  silver  determinations  in  chloride  solutions  are  given  in  Table  1;  the  amounts  of  chloride  cor¬ 
responding  to  the  amounts  of  silver  found  were  determined  by  calculation. 

Decomposition  and  Analysis  of  Silver  Bromide.  In  contrast  to  silver  chloride, silver  bromide  is  decomposed 
to  an  appreciable  extent  by  the  action  of  excess  alkaline  hydrogen  peroxide  mixture  at  room  temperature  only  on 
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standing.  If  the  liquid  is  warmed,  the  reduction  is  fairly  rapid  but  not  quantitative  because  particles  of  the  original 
substance  become  clogged  by  Its  reduction  product.  The  reaction  proceeds  satisfactorily  if  silver  bromide  Is  first 
dissolved  by  means  of  ammonia  before  the  reduction. 

Several  authors  [4,  9,  10]  consider  that  the  solubility  of  silver  bromide  in  ammonia,  in  absence  of  excess 
amounts  of  soluble  bromides,  is  a  linear  function  of  the  ammonia  concentration;  this  was  reflected  in  the  experi¬ 
ments  described  below. 


TABLE  1 


Determi* 

nation 

No. 

Taken  (g) 

Found 

Corre¬ 
sponding 
chloride 
content  (g) 

silver 

chloride 

in  g 

inlo 

1 

0.10S5 

0.0357 

0.1079 

99.44 

0.0355 

2 

0.1 0S5 

0.03.57 

0.1089 

100.37 

0.03.58 

3 

0.1079 

0.0355 

0.1074 

99.54 

0.0353 

4 

0.1079 

0.0355 

0.107S 

99.91 

0.03.54 

5 

0.1079 

0.0355 

0.1075 

99.1)3 

0.03.54 

Average 

99.78 

0.0355 

10.0  ml  of  0.1  N  sodium  bromide  solution  was  titrated  with  silver  nitrate  solution  in  presence  of  fluorescein, 
and  the  precipitate  was  dissolved  in  a  twofold  volume  of  30%  aqueous  ammonia.  A  freshly-prepared  clear  mix¬ 
ture,  consisting  of  2.5  ml  of  30%  caustic  soda  and  7.5  ml  of  30%  hydrogen  peroxide,  was  added  to  the  ammonlacal 
solution  and  the  liquid  was  stirred. 

The  vessel  was  heated  and  the  silver  precipitate  washed  and  separated  from  the  liquid  as  described  for  the 
preceding  experiment.  The  filtrate  and  wash  waters  were  kept  for  determination  of  their  bromide  contents.  The 
alkaline  filtrate  containing  bromide  was  transferred  to  a  flask  with  a  ground-glass  stopper,  and  evaporated  to  a 
small  volume;  to  it  an  equal  volume  of  concentrated  hydrochloric  acid  followed  by  10  ml  of  0.1  N  potassium  chlo¬ 
rate  solution  were  added.  The  liquid  was  stirred,  left  to  stand  for  5  minutes  in  the  stoppered  flask,  and  10  ml 
of  0.1  N  potassium  iodide  solution  was  then  added. 


TABLE  2 


Expt.  No. 

Taken 
silver  (g) 

_  .  silver 

Found  - 

bromide 

bromide 

in  g 

in% 

0.1079 

0.1081 

100.19 

I 

0.0852 

0.0831 

97.54 

II 

0.1079 

0.1079 

100.00 

0.0852 

0.0838 

98.36 

III 

0.1079 

0.1080 

100.09 

0.0852 

0.0840 

98.59 

IV 

0.1079 

0.1078 

99.91 

0.0852 

0.0832 

97.65 

V 

0.1079 

0.10.S0 

100.09 

0.0852 

0.0817 

95.89 

Average 

0.1079 

0.1080 

100.06 

0.0852 

0.0832 

97.65 

750 


After  a  few  minutes  the  liberated  iodine  was  titrated  with  sodium  thiosulfate,  with  vigorous  shaking.  Starch 
was  added  at  the  end  of  the  titration. 

The  results  of  silver  (upper  line)  and  bromide  (lower  line)  determinations  are  given  in  Table  2. 

Analysis  of  Silver  Iodide.  In  contrast  to  the  chloride  and  bromide,  silver  iodide  is  reduced  to  the  metal  by 
the  action  of  hydrogen  peroxide  at  elevated  temperatures  only  in  a  strongly  alkaline  medium  (containing  about 
5-10%  alkali  relative  to  the  whole  volume  of  the  liquid).  However,  because  of  clogging  of  the  silver  iodide  par¬ 
ticles  by  the  reduction  products,  the  reaction  is  not  quantitative  and  depends  to  a  considerable  extent  on  the  particle 
size  of  the  original  material. 

Without  using  solvents,  such  as  potassium  cyanide,  we  decomposed  silver  iodide  and  determined  its  com¬ 
ponents  by  the  following  procedure. 

10  ml  of  0.1  N  potassium  iodide  solution  was  titrated  with  silver  nitrate  solution  in  presence  of  fluorescein. 

5  ml  of  30%  caustic  soda  solution  and  2.5  ml  of  30%  hydrogen  peroxide  were  added  to  the  precipitate  and  the 
mixture  was  warmed  and  then  boiled  until  the  hydrogen  peroxide  was  decomposed. 

A  mixture  of  2.5  ml  of  alkali  and  the  same  volume  of  hydrogen  peroxide  solution  was  then  added  to  the 
liquid,  which  was  boiled  until  the  peroxide  was  decomposed;  this  procedure  was  then  repeated  once  more.  The 
reduced  silver  spontaneously  aggregated  into  loose  gray  lumps  while  the  liquid  became  colorless  and  clear.  The 
liquid  was  cooled,  neutralized  by  means  of  concentrated  hydrochloric  acid,  and  decanted  from  the  precipitate 
through  a  filter;  the  silver  was  washed  3  times  with  boiling  water  by  decantation,  transferred  to  the  filter,  and 
washed  with  water  to  a  negative  reaction  for  chloride.  The  wash  liquors  and  the  main  filtrate  were  combined 
and  their  iodine  content  was  determined  as  follows.  After  addition  of  30  ml  (l.e.,  V4  of  ihe  volume  of  the  solu¬ 
tion)  of  concentrated  hydrochloric  acid  and  10  ml  of  0.1  N  hydrogen  peroxide  solution,  the  liquid  was  stirred  and 
then  left  to  stand  for  30  minutes  in  a  stoppered  vessel;  the  liberated  iodine  was  titrated  with  sodium  thiosulfate, 
starch  being  added  at  the  end  of  the  titration.  After  decantation  of  the  liquid,  the  silver  precipitate  was  collected 

TABLE  3 


Expt. 

No. 

Taken 
silver  (g) 
iodide 

.  silver 
iodide 

after  1st  decomposition 

Found 

iodide 

after  2nd  decomp. 

silver 

iodide 

found 

in  g  1 

in  % 

in  g 

in% 

in  g 

in  % 

0.1  OSO 

9S.15 

1.30 

0.1074 

99.45 

I 

0.121)9 

0.121s 

90.0 

1.72 

0.1240 

97.71 

II 

0.1  OSO 

0.1000 

9S.15 

0.0009 

0.S3 

0.1069 

98.98 

0.1209 

0.1244 

9S.03 

0.0014 

1.10 

0.1258 

99.13 

HI 

0.1006 

9S.70 

0.0013 

1.20 

0.1079 

99.90 

0.1209 

0.1231 

97.0' 

0.0029 

2.29 

WXIWllfl 

99.29 

IV 

0.1050 

97.78 

0.0012 

1.11 

98.89 

0.1209 

0.r246 

98.19 

0.1H)15 

1.19 

0.1261 

99.38 

V 

0.1  OSO 

0.1002 

9S.33 

0.0013 

1.20 

0.1075 

99.53 

0.1209 

0.1230 

97.40 

0.0020 

2.04 

0.1202 

99.44 

Average 

0.1061 

9S.22 

0.0012 

1.11 

0.1073 

99.33 

0.1235 

97.32 

0.(K)21 

1.05 

0.1250 

99.99 

on  a  filter,  washed  with  water  to  a  negative  reaction  for  alkali,  dried,  carefully  separated  from  the  filter  walls 
by  means  of  a  fine  brush,  transferred  to  a  test  tube,  and  there  dissolved  in  1  ml  of  moderately  concentrated  nitric 
acid  with  gentle  heating  (the  filter  was  retained  for  further  use).  The  cooled  nitric  acid  solution  was  diluted  with 
5  ml  of  water,  when  a  slight  precipitate  of  silver  iodide  was  formed.  The  solution  with  the  precipitate  was  heated 
to  boiling,  cooled,  the  precipitate  was  collected  on  the  bottom  of  the  test  tube  by  centrifugation,  and  the  clear 
liquid  was  then  carefully  decanted  through  a  small  funnel,  the  narrow  opening  of  which  was  plugged  fairly  tightly 
with  cotton  wool  or  paper.  At  the  end  of  the  filtration,  the  filter  was  washed  with  water. 
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The  clear  filtrate  and  wash  liquors  were  collected  In  a  250  ml  conical  flask. 

In  view  of  the  fact  that  silver  nitrate  solution  reacts  rather  violently  with  the  above-mentioned  mixture  of 
alkaline  hydrogen  peroxide,  and  the  reduced  silver  is  formed  predominantly  In  a  finely-divided  state  (this  Is  often 
accompanied  by  some  loss  of  silver),  the  silver  nitrate  solution  contained  In  the  flask  was  first  treated  with  the 
necessary  quantity  of  0.1  N  sodium  chloride  solution,  and  the  precipitate  was  dissolved  In  excess  ammonia.  A  clear 
mbcture  consisting  of  2.5  ml  of  caustic  soda  and  5  ml  of  hydrogen  peroxide,  of  the  concentration  Indicated  above, 
was  added  to  the  solution.  The  liquid  was  warmed  and  then  boiled  until  ammonia  was  completely  removed; 

200  ml  of  water  was  then  added  and  the  liquid  was  brought  to  the  boll.  When  cool,  the  silver  was  collected  on 
a  filter,  washed  to  a  negative  reaction  for  alkali,  ashed  together  with  the  filter,  heated  until  fusion  started,  cooled 
and  weighed. 

The  silver  iodide  collected  on  the  surface  of  the  filter  plug  was  washed  with  water  and  returned  to  the  tube 
containing  the  main  mass  of  this  precipitate.  10  drops  of  alkali  and.  In  portions,  an  equal  volume  of  hydrogen 
peroxide,  both  of  the  above-mentioned  concentrations,  were  added  to  the  precipitate.  When  the  liquid  was  boiled, 
the  silver  was  reduced  to  the  metal;  the  methods  described  above  were  used  to  separate  and  determine  this  metal 
and  to  determine  iodide  in  the  filtrate. 

The  results  of  silver  (upper  line)  and  Iodide  (lower  line)  determinations  are  given  in  Table  3. 
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ELUTION  OF  NOBLE  METALS  FROM  ANION  EXCHANGERS 
AFTER  A  DSORPTION 

A.  B.  Davankov  and  V.  M.  Laufer 


Methods  for  extraction,  concentration;  and  accumulation  of  considerable  amounts  of  valuable  substances  on 
ion  exchangers  are  becoming  of  great  significance  in  modern  sorption  technology.  Development  of  rational 
methods  for  displacement  of  adsorbed  substances  from  resins  is  no  less  Important. 

Various  chemical  reagents  are  used  for  regeneration  of  ion-exchange  resins  to  allow  of  their  repeated  use. 
Aqueous  solutions  of  salts,  acids,  and  bases  are  the  reagents  most  commonly  used;  the  use  of  organic  solvents 
with  or  without  added  acids  or  bases  has  been  less  well  studied. 

Most  modern  ion  exchangers  have  relatively  low  dynamic  exchange  capacities;  they  usually  do  not  ex¬ 
ceed  2-4  meq  per  g  of  resin,  and  reach  8-10  meq  for  only  a  few.  Accordingly,  increase  of  the  dynamic  exchange 
capacity  of  Ion  exchangers,  and  searches  for  new  methods  for  concentration  and  accumulation  of  considerable 
amounts  of  adsorbed  substances  on  ion  exchangers,  are  of  great  practical  Importance,  as  successful  solution  of  this 
problem  would  greatly  increase  the  operating  intervals  between  regenerations  and  reduce  sharply  the  number  of 
regeneration  cycles  necessary. 

Since  considerable  increases  of  the  dynamic  exchange  capacity  of  ion  exchangers  by  increases  of  the  total 
contents  of  functional  (ionogenlc)  groups  in  the  molecular  network  of  the  resins  are  difficult  to  achieve  because 
of  the  excessive  solubility  or  swelling  of  such  resins  in  water,  in  our  opinion  a  definite  practical  interest  attaches 
to  the  use  of  secondary  reactions,  either  accompanying  ion  exchange  or  induced  artificially  on  the  resins,  for  this 
purpose. 

We  have  already  reported  [1]  that  by  alternation  of  ion  exchange  with  reduction  or  precipitation  reactions, 
which  convert  adsorbed  substances  into  a  nonionic  (insoluble  form)  it  is  possible  to  concentrate  an  amount  of  ad¬ 
sorbate  which  is  4-5  times  the  total  exchange  capacity  of  the  resin.  This  procedure  is  particularly  effective  for 
concentration  of  noble  metals  on  ion  exchangers,  as  the  ions  of  these  metals  are  readily  reduced  to  the  metals 
and  are  deposited  in  that  form  on  the  resins  in  amounts  exceeding  100«5{,the  adsorbent  weight. 

Since  isolation  of  noble  metals  from  resin  adsorbents, after  combustion  of  the  latter, is  a  relatively  simple 
process,  which  has  been  described  fully  in  the  literature  [2],  in  this  paper  we  shall  deal  mainly  with  questions 
of  the  elution  of  complex  ions  of  certain  noble  metals  [AuClJ  ,  Au(CN)  2]  adsorbed  on  anion  exchangers,  and  the 
stability  of  these  ions  to  the  action  of  certain  reducing  agents. 

Experiments  showed  that  chloroaurate  ions  AuClJ,  adsorbed  on  "N-O"  anion  exchanger  are  readily  reduced 
by  hydroquinone  to  the  metal,  and  accumulate  in  that  form  on  the  resin  during  several  sorption  cycles,  over  5  meq 
per  gram  of  adsorbent  being  accumulated  (Table  1). 

The  behaviour  of  cyanoaurate  ions  Au(CN)2  under  the  same  conditons  is  entirely  different.  Under  the  experi¬ 
mental  conditions  they  were  not  reduced  to  any  appreciable  extent,  and  were  easily  displaced  from  the  resin  not 
only  by  caustic  alkalies  and  carbonates  in  solution,  but  even  by  solutions  of  the  reducing  agents  themselves  — 
sodium  hydrosulfite,  sulfide,  and  hydrosulfide.  The  exchange  capacity  of  the  resin  then  returned  to  its  initial 
value.  Thus,  there  was  no  "accumulation"  of  considerable  amounts  of  gold  on  the  anion  exchangers  by  reduction 
of  adsorbed  Au(CN)J  ions,  such  as  was  found  for  AuCl^  anions,  under  the  experimental  conditions  used. 
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TABLE  1 

Concentration  of  Gold  by  Adsorption  and  Reduction  of  AuCl^  Ions  on  "N-0"  Ion-Exchange  Resin  in  the  Chloride 
Form.  (5  g  of  resin  in  column;  moisture  content  of  resin  height  of  resin  layer  in  column  18.5  cm;  initial 
gold  content  of  solution  200  mg/ liter;  pH  of  original  solution  3.5) 


Expt.  No. 

Cycle  No. 

• 

Volume  of 
solution  pas¬ 
sed  through 
resin  to 
breakthrough 
ofAuClJ 
ions  (liters) 

Total  vol¬ 
ume  of  solu¬ 
tion  pas¬ 
sed  through 
resin 
(liters) 

Total  gold 

Gold  extracted  from  resin 

content  of 
solution  pas¬ 
sed  through 
column 

(mg) 

after  com¬ 
bustion  (g) 

%of  the 
amount 
entering 
column 

%  on 
weight 
of  dry 
resin 

in 

meq/g 

/ 

1 

2.917 

3.236 

647.2 

j 

1 

2 

2.600 

2.810 

562.0 

/ 

) 

3 

1.800 

2.011 

402.2 

1  / 

>1.8752 

86.50 

110.30 

5.59 

j 

4 

1.000 

1.410 

282.0 

/ 

5 

0.840 

0.840 

168.0 

\ 

\ 

6 

0.600 

0.631 

126.2 

/ 

/ 

1 

2.800 

2.900 

580.0 

\ 

1 

2 

1.500 

1.710 

342.0 

) 

2"  •  ( 

3 

1.600 

1.682 

336.4 

>1.9494 

91.61 

114.67 

5.81 

1 

.4 

1.800 

2.053 

410.6 

\ 

* 

5 

2.100 

2.294 

458.8 

*  After  each  sorption  cycle  200  ml  of  5%  NajS  solution  was  passed  through  the  column,  the  resin  was  washed  with 
distilled  water  and  then  with  5%  HCl  solution. 

•  ’The  AuClJ  anions  on  the  resin  were  reduced  by  the  action  of  hydroquinone  solution  (5.5  g/ liter). 


The  sorption  of  Au(CN)j  ions  and  their  desorption  from  'N-O"  resin  by  solutions  of  caustic  alkali  or  sodium 
sulfides  was  effected  in  a  glass  adsorption  column  8  mm  in  diameter,  containing  5  g  of"N-0" anion-exchange 
resin  with  grains  0.8-2  mm  in  size;  the  chloride  form  of  the  resin  was  used.  A  solution  of  potassium  cyanoaurate 
acidified  with  hydrochloric  acid  was  passed  at  a  rate  of  6-8  ml/  minute  through  a  layer  of  resin  18  cm  high. 
Filtrate  samples  were  taken  at  100-ml  intervals.  When  gold  ions  appeared  in  the  filtrate,  percolation  of  the  gold 
solution  through  the  colum  was  stopped.  Breakthrough  of  gold  ions  into  the  filtrate  was  detected  by  means  of  the 
color  reaction  with  benzidine  acetate  solution. 

After  the  adsorption, the  column  was  rinsed  through  with  distilled  water,  and  a  definite  amount  of 0.1  N sodium 
sulfide,  hydrosulfide,  or  hydrosulfite  solution  was  passed  through.  The  resins  was  then  again  rinsed  with  water. 

The  percolated  solution  together  with  the  wash  waters  was  evaporated  to  dryness  on  the  water  bath,  and  the  res¬ 
idue  was  treated  in  the  usual  manner  for  isolation  of  gold. 

After  desorption  the  washed  adsorbent  was  treated  with  hydrochloric  acid  solution  to  "charge"  it  with 
cr  ions,  and  then  used  again  for  further  extraction  of  Au(CN)J  anions  under  the  conditions  described  for  the  first 
experiment.  In  this  way  four  consecutive  cycles  of  sorption  of  these  anions  by  "N-O"  resin  were  performed, 
alternating  with  desorption  from  the  resin  by  means  of  0.1  N  sodium  sulfide  or  hydrosulfide  solution. 

The  results  of  these  experiments  are  given  in  Table  2.  It  follows  from  the  data  in  Table  2  that  AufCN)* 
ions  are  completely  displaced  from  the  resin  by  sodium  sulfide,  hydrosulfide,  and  hydrosulfite  solutions  in  the 
same  way  as  by  caustic  alkalies,  without  undergoing  any  significant  changes  (such  as  reduction  to  the  metal). 
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TABLE  2 


Extraction  of  Gold  from  Potassium  Cyanoaurate  Solution  by  "N-0"  Anion- Ex  change  Resin  In  the  Chloride  Form 
with  Subsequent  Desorption  of  Sodium  Sulfides  and  Hydrosulfite.  (Amount  of  resin  in  the  column  5  g;  moisture 
content  of  resin  in  Experiment  No.  1  6S°lo,  in  Experiment  No.  2  60%  height  of  resin  layer  in  column  18  cm  in 
Experiment  No.  1  and  17.5  cm  in  Experiment  No.  2;  Initial  gold  concentration  in  solution  200  mg/ liter  in  Ex¬ 
periment  No.  1  and  24.5  mg/ liter  in  Experiment  No.  2;  pH  of  initial  solution  3.5  in  Experiment  No.  1  and  6  in 
Experiment  No.  2;  filtration  rate  of  solution  through  resin  6-8  ml/ minute) 


T 


Expt. 

No. 

Cycle 

No. 

Volume  of 
solution  pas¬ 
sed  through 
resin  to 
breakthrough 
ofAu(CN)2 
ions  (ml) 

Total 

volume 
of  solu¬ 
tion  pas¬ 
sed 

through 
res  in  (ml) 

Total 

gold 

content 

of  solu- 
tion(mg) 

Volume  of  0.1  N  solution 
passed  through  resin  after 
adsorption  (ml) 

Gold  isolated 

from  solution 
after  desorption 

from  resin 

after  combustion 

Na2S 

NaHS 

Na  hy¬ 
dro- 

sulfite 

in  mg 

°Jo  of 

original 

content 

in  solu¬ 
tion 

in  mg 

*7oOf 

original 

content 

in  solu¬ 
tion 

1 

1700  ‘ 

1705 

341 

100 

- 

- 

340.0 

99.7 

- 

- 

1 

2 

1605 

1605 

321 

150 

- 

314.8 

98.0 

- 

- 

3 

1400 

1500 

300 

- 

200 

- 

284.0 

94.7 

- 

4 

1100 

1100 

220 

- 

250 

- 

236.2 

107.3 

T 

races 

1 

3500 

6000 

147 

- 

- 

250 

75.6 

51.4 

- 

- 

2 

2 

4000 

6000 

147 

- 

- 

150 

30.4 

20.7 

- 

- 

3 

3000 

5000 

122.5 

- 

— 

150 

45.1 

36.8 

82 

66.9 

All  this  shows  that  the  cyanoaurate  anions  are  very  stable  to  the  reducing  or  precipitating  action  of  these  reagents, 
both  in  the  adsorbed  and  in  the  free  state.  Similar  results  were  obtained  with  the  use  of  such  an  active  reducing 
agent  as  hydroquinone.  When  the  "N-O"  resin  was  treated  with  5<’Jo  NaOH  solution  in  order  to  convert  it  from  the 
chloride  to  the  hydroxyl  form  after  adsorption  of  Au(CN)2  anions  on  it,  most  of  these  ions  were  displaced  by  the 
alkali  solution  after  a  small  amount  (11-12  ml)  had  been  passed:  the  rest  of  the  ions  were  eluted  by  means  of 
0.55*70  hydroquinone  solution,  which  was  passed  through  the  resin  in  order  to  reduce  the  Au(CN)2  anions  and  to 
convert  them  into  a  nonionic  form  (insoluble  in  caustic  alkalies). 

The  results  of  a  series  of  consecutive  experiments  on  the  sorption  of  these  ions  by  "N-O",  "TN",  and 
"TN-1"  resins  with  the  use  of  hydroquinone  as  reducing  agent,  and  solutions  of  caustic  soda,  thiourea,  and  hydro¬ 
chloric  acids  in  acetone  as  eluants  are  given  in  Table  3. 

It  follows  from  Table  3  that  hydroquinone  solution  and  sodium  sulfide,  hydrosulfide,  and  hydrosulfite 
do  not  reduce  Au(CN)2  anions  to  the  metal  under  the  experimental  conditions  used,  either  on  the  resin  or  in 
alkaline  or  acid  solution  during  elution;  all  the  gold  passed  from  the  resin  into  solution. 

However,  all  the  foregoing  data  on  the  stability  of  complex  gold  anions  to  the  action  of  various  reducing 
agents  relate  to  pure,  artificially  prepared  solutions  of  potassium  cyanoaurate,  and  the  cyanoaurate  ions  were 
displaced  from  the  resin  soon  after  completion  of  the  sorption  process. 

The  results  were  different  in  experiments  performed  under  industrial  conditions,  when  alkaline  contami¬ 
nated  liquors,containing  residual  potassium  cyanoaurate  from  the  wash  bath  of  the  electroplating  section  of  the 
Moscow  Jewelry  Factory ,were  passed  for  2-3  months  through  "N-O"  resin.  In  this  case  when  "N-O"  resin  was  re¬ 
generated  by  5*70  caustic  soda  solution  only  4.8-8.9*70  of  tlie  original  gold  content  was  extracted  from  the  resin. 
There  was  no  significant  improvement  when  the  resin  was  left  twice  overnight  in  contact  with  excess  5*7o  caustic 
alkali,  followed  by  additional  washing  of  the  resin  by  fresh  alkali  solution  in  the  adsorption  column.  The  ex¬ 
traction  of  gold  could  be  raised  to  29.4-41. 6*7o  of  the  original  content  in  the  resin  only  as  the  result  of  successive 
treatment  of  small  quantities  (5  g)  of  adsorbent,  taken  from  column  No.  3,  with  5-10*7o  NaOH  solution  in  the  cold 
or  heated  to  70-75*,  followed  by  washing  of  the  gold-containing  resins  with  5*7o  HCl  solution.  Partial  hydrolysis  of 
the  resin  took  place  in  this  process. 
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Extraction  of  Gold  from  Potassium  Cyanoaurate  Solutions  by  "N-O",  'TN",  and  "TN-1"  Resins  with  Subsequent  Treatment  by  Hydroquinone  Solution  and 
Displacement  of  Gold  Anions  from  the  Adsorbents  by  Solutions  of  NaOH,  Thiourea,  or  Acetone.  (Amount  of  resin  in  column,  5  g;  initial  gold  concentra¬ 
tion  in  solution,  200  mg/ liter;  pH  of  original  solution,  3.5;  filtration  rate  of  solution  through  resin  6-8  ml/ min  in  Expt.  No.  1;  5-6  ml/ min  in  Expt. 
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Gold  adsorbed  by  resin. 

*  Including  gold  from  hydroquinone  solution:  64  mg  in  Experiment  No.  2,  and  28  mg  in  Experiment  No. 


TABLE  4 


Bttractlon  of  Gold  by  Thiourea  Solutions  from  Samples  of  "N-0"  Resin. 
(Amount  of  air-dry  resin  In  column, 3  g;  volume  of  thiourea  solution  pas 
sed  through  column,  100  ml  in  Experiment  No.  1  and  150  ml  in  Experi¬ 
ments  No.  2-6;  filtration  rate  of  solution  through  resin  5-6  ml/ minute) 


Expt.  No. 

Temperature 

CC) 

Gold  Isolated  (mg) 

from  thiourea 
solution 

from  ash  after  com¬ 
bustion  of  resin 

1 

70-75 

89.8 

1.4 

2 

30 

82.8 

not  detected 

3 

30 

85.6 

not  detected 

4 

20 

82.4 

2.2 

5 

20 

81.8 

not  detected 

6 

20 

74.8 

not  detected 

In  regeneration  of  resins  which  had  been  in  use  for  not  more  than  one  month,  the  caustic  soda  solution  did 
not  extract  more  than  16%  of  the  original  amount  of  gold.  It  is  possible  that  this  low  yield  in  elution  of  gold  ad¬ 
sorbed  by  the  resin  was  caused  by  incorrect  use  of  ’N-O"  resin  under  production  conditions;  in  particular,  by 
complete  discharge  of  water  from  the  resin  at  night,  when  the  adsorbent  remained  in  contact  with  air. 

This  suggestion  was  tested  experimentally  under  laboratory  conditions;  the  same  jewelry  factory  effluents  were 
used  for  adsorption,  the  resin  was  kept  in  the  adsorption  column  for  one  month  under  a  layer  of  water  and  then  regen¬ 
erated  by  5%caustlcsodasolution,  when  50-76%  of  the  adsorbed  gold  was  displaced  from  the  column. 

Possibly,  when  ”N-0"  resin  is  used  at  length (2-3  mo)  industrially  for  extraction  of  Au(CN)2  anions  from 
strongly  contaminated  and  slightly  alkaline  liquors  (especially  with  access  of  air),  the  gold  and  the  resin  form  a 
stable  complex  which  resists  the  action  of  dilute  caustic  alkalies  (5%NaOH)  and  acids.  However,  this  compound 

proved  to  be  very  sensitive  to  aqueous  thiourea  solution 
and  to  dilute  solutions  of  HCl  in  organic  solvents. 

It  is  known  that  reagents  containing  thiono(=C  = 
=S)  and  thiol  (=C  — SH)  groups  are  important  among 
the  reagents  used  in  inorganic  analysis.  Compounds 
of  this  type  include  thiourea,  which  readily  forms  com¬ 
plexes,  especially  with  cations  of  metals  whose  sulfides 
are  insoluble  in  water.  These  metals  include  the  noble 
metals. 

Thiourea  combines  with  the  metal  through  the 
free  pair  of  electrons  in  sulfur,  despite  the  fact  that  the 
nitrogen  also  has  unshared  pairs  of  electrons  in  the 
amide  groups,  capable  of  complex  formation.  Thiourea 
complexes  are  readily  decomposed  in  weakly  alkaline 
solutions  with  formation  of  sulfides,  Kurnakov  considers 
that  this  occurs  most  readily  in  the  presence  of  Me:  S 
bonds,  which  are  converted  into  ionic  bonds  in  sulfide 
formation: 

/NHj 

MeCIa  -I-  S=C  -|- 
\NlIa 

)  2K01I  MeS  4-GNNII2-H 
-t-2KCl  +21120. 


A 


Sorption  of  gold  by  N-O,  TN,  and  TN-1  anion 
exchangers:  concentration  of  KAu(CN)2  solu¬ 
tion  200  mg  Au/liter,  solution  pH  3.5;  A)  amount 
of  gold  extracted  (meq/g);  B)  amount  of  solution 
passed  (liters). 
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It  is  known  that  silver  and  platinum  form  extremely  stable  complexes  with  thiourea.  Saturated  thiourea 
solutions  dissolve  all  silver  halides  even  in  the  cold.  Metal-thiourea  complexes  are  considerablv  less  stable  than 
metal  sulfides.  The  instability  constant  ofthe  silver-thiourea  complex  SfAgTMsJ^  is  1.3 
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We  used  this  property  of  thiourea  in  elu¬ 
tion  of  gold  and  silver  from  anion-exchange 
resins  after  saturation  with  anions  containing 
these  metals. 

The  advantage  of  thiourea  solutions  over 
other  eluants  is  that  they  ensure  complete  ex¬ 
traction  of  noble  metals  from  resin  adsorbents, 
especially  when  other  eluants  (acid  and  alkali 
solutions)  do  not  give  positive  results. 

The  use  of  thiourea  for  elution  of  ions  of 
noble  metals  from  adsorbents  is  not  mentioned 
in  the  literature.  We  were  the  first  to  use  acid 
solutions  of  thiourea  for  this  purpose. 

Table  4  contains  the  results  of  experi¬ 
ments  on  the  treatment  of  gold-containing  "N-O" 
resin  with  thiourea  solutions.  The  resin,  which 
had  been  used  for  a  long  time  for  adsorption  of 
Au(CN)2  anions  from  industrial  wastes  (wash 
liquors),  was  obtained  from  the  Moscow  Jewelry 
Factory.  Samples  of  gold-containing  resin  were 
taken  from  different  layers  in  the  adsorption 
column. 

It  follows  from  the  results  in  Table  4  that 
a  mixture  of  equal  volumes  of  10%  thiourea 
solution  and  5%  hydrochloric  acid  solution  dis¬ 
places  gold  from  the  adsorbent  almost  completely 
(100%),  whereas  treatment  of  the  same  gold-con¬ 
taining  resin  by  5%  NaOH  solution  extracted  not 
more  than  5-10%  of  the  original  gold  content. 

Good  results  in  elution  of  gold  adsorbed 
by  the  resin  were  obtained  by  the  use  of  organic 
solvents  —  acetone,  ethyl  alcohol,  and  ethyl 
acetate  —  with  addition  of  hydrochloric  acid 
(sp.  gr.  1.19)  and  water  (5%  of  each);  this  is 
clear  from  Tables  3  and  5  and  the  diagram. 

It  also  follows  from  these  tables  that  after  treat¬ 
ment  of  the  gold-containing  resin  with  organic 
solvents,  containing  5%  HCl  (sp.  gr.  1.19)  and 
5%  water,  the  resin  completely  regains  its  power 
of  adsorption  and  desorption;  under  the  experi¬ 
mental  conditions  used,  the  first  50  ml  of  the 
mixture  of  acetone  with  hydrogen  chloride  and 
water  in  the  above  proportions  extracted  97-99% 
of  the  gold  (calculated  as  the  metal)  present  in 
the  resin. 


SUMMARY 

1.  Acidified  aqueous  thiourea  solution,  and 
acetone,  ethyl  alcohol,  and  ethyl  acetate  with 
additions  of  5%  hydrochloric  acid  (sp.  gr.  1.19) 
and  5%water,  extract  gold  almost  completely  from 
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anion-exchange  resins  after  adsorption  of  Au(CN)i  anions,  not  only  from  pure  solutions,  but  from  strongly  con¬ 
taminated  Industrial  waste  liquors,  containing  potassium  or  sodium  cyanoaurates  (In  the  latter  case  good  results 
are  not  always  obtained  by  elution  of  gold  Ions  by  caustic  alkali  solutions). 

2.  The  Au(CN)|  anions  adsorbed  by  anion-exchange  resins  from  pure  solutions  are  highly  resistant  to  the 
action  of  reducing  agents  and  are  completely  displaced  from  the  resins  by  aqueous  solutions  of  strong  or  weak 
bases. 

3.  AuClJ  anions  adsorbed  by  anion-exchangers  are  readily  reduced  to  the  metal.  By  alternate  adsorption 
and  reduction  It  Is  In  this  case  possible  to  "accumulate"  gold  In  the  Ion  exchangers  In  quantities  several  times  the 
dynamic  exchange  capacities  of  the  resins. 
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COMPARATIVE  STUDY  OF  THE  THERMAL  STABILITY  OF 
SULFONATED  CATION  EXCHANGERS  HEATED  IN  WATER 

N.  G .  Polyanskii 


Under  industrial  and  laboratory  conditions,  resins  are  often  subjected  to  heat  treatments  in  air  in  water, 
and  in  aqueous  solutions. 

Ion  exchangers  are  heated  in  air  in  determinations  of  their  moisture  contents  [1],  or  for  dehydration.  Some 
stages  in  the  synthesis  of  ion-exchange  resins  also  take  place  at  elevated  temperatures  [2], 

Contact  of  ion-exchange  resins  with  hot  aqueous  solutions  is  of  frequent  occurrence.  For  example,  hot  solu¬ 
tions  are  used  for  regeneration  of  ion  exchangers  used  for  separation  of  certain  elements  [3].  The  favorable  in¬ 
fluence  of  temperature  increase  on  the  rate  of  ion  exchange  and  the  distribution  coefficient  has  been  successfully 
applied  in  separation  of  elements  of  the  cerium  and  yttrium  groups  [4].  Quite  recently  the  use  of  hot  eluant  solu¬ 
tions  for  separation  of  rare-earth  elements  [5-7]  and  transplutonium  elements  [8]  has  been  described.  In  recent 
years  the  importance  of  ion  exchangers  for  softening  [9]  and  deactivation  [10]  of  process  waters  has  increased 
sharply. 

The  demands  of  industry  and  scientific  research  laboratories  have  placed  the  thermal  stability  of  ion  ex¬ 
changers  among  the  problems  of  great  practical  siginificance.  There  is  no  doubt  that  studies  of  the  thermal 
stability  of  existing  industrial  ion  exchangers  will  assist  in  the  solution  of  more  general  problems  raised  by  various 
authors  in  recent  years.  Foremost  in  this  connection  is  the  synthesis  of  thermostable  cation  and  anion  exchangers 
[11.  12]. 

All  the  ion  exchangers  so  far  synthesized  are  more  or  less  unstable  to  the  action  of  heat.  A  consequence 
of  this  instability  is  the  decrease  of  capacity  noted  when  resins  are  dried  [13],  used  as  catalysts  in  industrial  syn¬ 
thesis  [11,  14],  or  heated  in  autoclaves  in  presence  of  water  [15],  The  decrease  in  the  capacity  of  the  resins  in  all 
these  cases  is  correctly  attributed  to  loss  of  a  significant  proportion  of  sulfo  groups  —  thermal  desulfonation. 

Saldadze  [16]  was  the  initiator  of  studies  of  thermal  desulfonation  of  sulfonated  cation  exchangers  in  air. 

He  used  the  thermographic  method  and  concluded  that  SBS  and  Espatite  1  (KU-1)  resins  do  not  undergo  changes 
in  their  physicochemical  properties  at  high  temperatures,  and  the  sorption  capacities  of  the  cation-exchangers  NFS 
and  Wofatit  P  remain  constant  when  they  are  heated  to  150*.  In  studies  of  the  Russian  cation  exchangers  KU-1 
and  KU-2,  the  present  author  [17,  18]  found  a  considerable  decrease  in  their  capacity  as  the  result  of  heating  in 
air.  The  capacity  losses  of  KU-1  and  KU-2  resins  after  24  hours  of  heating  at  186®were42.4  and  14.5<7o,respectively. 

An  interesting  study  of  the  thermal  stability  of  a  number  of  sulfonated  cation  exchangers  was  carried  out  by 
Vasil ’ev  [1]  in  relation  to  drying  conditions  in  moisture  determinations.  According  to  his  results,  prolonged  heat¬ 
ing  of  various  cation  exchangers  produces  an  apparent  increase  of  capacity,  which  is  correctly  attributed  to  liber¬ 
ation  of  sulfuric  acid  as  the  result  of  thermal  hydrolysis  of  these  resins.  Vasil’ev  found  that  volatile  desulfonation 
products  are  formed  at  170";  this  is  a  very  important  fact  which  agrees  with  our  own  observations  [19]. 

There  have  been  no  special  studies  of  the  thermal  stability  of  ion-exchange  resins  in  water. 

The  purpose  of  the  present  investigation  was  to  fill  this  gap  and  to  study  the  thermal  stability  of  certain 
Russian  sulfonated  cation  exchangers  in  contact  with  water  at  different  temperatures.  The  most  detailed  studies 
were  conducted  with  sulfonated  phenol- formaldehyde  cation  exchanger  KU-1,  and  sulfonated  polystyrene  cation 
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exchanger  KU-2,  which  are  used  especially  frequently  in  laboratory  and  industrial  practice.  For  greater  com¬ 
pleteness,  individual  results  of  studies  of  the  thermal  stability  of  SBS,  MSF,  KU-IG  (granulated  sulfonated  pheno-- 
formaldehyde  resin)  and  Wofatlt  R  resins  are  also  given  in  this  paper. 


EXPERIMENTAL 

The  resins  used  in  the  experiments  were  technical  samples  of  grain  size  0.5-1.0  mm,  previously  purified  by 
repeated  washing  with  3  N  HCl  solution  in  order  to  remove  inorganic  impurities.  The  purified  resins  were  taken 
to  the  air-dry  state  and  then  dried  in  a  vacuum  desiccator  (at  p  =  10  mm)  over  PjOg  to  constant  weight.  The 
cation  exchangers  in  the  hydrogen  form  had  the  following  capacities  (in  meq/g)  after  this  treatment  :  KU-1,2.01; 
KU-1G,2.99;  MSF, 3.22;  Wofatlt  R.1.38;  SBS, 2.65;  KU-2. 4.67.  The  capacities  of  the  Na  forms  of  KU-2  and  KU-1 
resins  were  4.20  and  1.92  meq/g,  respectively. 

The  resins  were  subjected  to  heat  treatment  in  stoppered  weighing  bottles  or  sealed  tubes,  placed  in  a  thermo¬ 
stat  with  automatic  temperature  regulation  (to  the  nearest  i  1"). 

It  was  found  in  special  experiments  that  ordinary  chemical  glass  is  not  leached  out  to  any  appreciable  ex¬ 
tent  below  the  boiling  point  of  water.  At  higher  temperatures  (up  to  175*)  tubes  made  from  ordinary  glass  are 
strongly  corroded  and  therefore  cannot  be  used  for  the  heating  tubes.  Heat-resistant  glass  proved  to  be  the  most 
resistant  to  water  and  acid  solutions  in  the  temperature  range  studied  (110-175*),  and  it  was  therefore  used  for 
making  the  tubes  for  heat  treatment  of  the  ion  exchangers. 

A  resin  sample  weighing  0.2000-0.6000  g  in  a  tube  was  covered  with  freshly  boiled  water  (1.5  ml).  The 
tubes  were  put  in  a  vacuum  desiccator,  which  was  evacuated  by  means  of  a  water-jet  pump  until  evolution  of 
air  bubbles  from  the  resin  grains  ceased.  After  this  treatment,  a  further  2  ml  of  water  was  Introduced  into  the  tube 
and  the  evacuation  was  repeated.  The  tubes  were  then  sealed  and  put  in  the  thermostat  for  the  required  time.  At 
the  end  of  this  time  the  tubes  were  removed,  opened  immediately,  and  the  resin  was  filtered  off  and  washed  re¬ 
peatedly  with  water  on  the  filter. 

Our  selection  of  a  method  for  anlaysis  of  the  filtrates  (which  we  shall  term  aqueous  extracts  for  brevity)  was 
based  on  the  assumption  that  sulfonated  cation  exchangers,  like  monomeric  sulfonic  acids  [20],  are  hydrolyzed  on 
heating  with  formation  of  sulfuric  acid.  The  aqueous  extracts  did  in  fact  have  an  acid  reaction  in  all  cases,  and 
gave  a  positive  reaction  for  SO*"  ions  with  BaCl2. 

The  total  acidity  of  the  aqueous  extracts  was  determined  by  titration  with  caustic  soda  in  presence  of  Thymol 
blue.  For  identification  of  the  acid  present  in  the  aqueous  extracts,  the  alkalimetric  titration  was  augmented  by 
quantitative  determinations  of  sulfate.  The  volumetric  method  of  Szekeres  [21]  was  used  with  success  for  the  anal¬ 
ysis;  this  method  is  based  on  addition  of  a  known  volume  of  standard  Na2C03  solution  to  the  sample  and  determin¬ 
ation  of  the  total  contents  of  SO|"  and  CO**  ions  by  titration  with  0.1000  N  BaCl2  solution.  Various  indicators  of 
a  suitable  range  can  be  used  for  determination  of  the  end  point;  according  to  our  observations  Thymol  blue  gives 
the  sharpest  color  change. 

The  content  of  SOj”  ions  in  the  liquid  phase  after  contact  with  the  resin  is  the  most  definite  measure  of  the 
intensity  of  the  thermal  desulfonation  process,  as  the  H^  ion  concentration  may  vary  as  the  result  of  interaction 
with  alkaline  products  formed  by  decomposition  of  the  glass  or  (in  the  case  of  resins  in  the  sodium  form)  as  the 
result  of  exchange  of  Na'*'  ions  in  the  resin  with  FT*"  ions  in  solution. 

Removal  of  each  sulfo  group  releases  one  SO*"  ion  and  one  ion  (in  desulfonation  of  Na  cation  exchangers) 
or  two  IT*"  ions  (in  desulfonation  of  H  cation  exchangers).  Therefore,  the  decrease  in  the  capacity  of  a  resin  in  the 
hydrogen  form  must  be  equal  to  half  the  number  of  nilliequivalentsofH+  or  SO*"  ions  in  solution.  If  thermal  de¬ 
sulfonation  of  the  resins  is  not  extensive,  this  indirect  method  for  determination  of  capacity  loss  gives  more  ac¬ 
curate  results  than  direct  titration  of  the  resin  with  alkali. 

Considerable  capacity  losses  can  be  determined  with  great  accuracy  by  direct  titration  of  the  resins  by  the 
method  of  Vansheidt,  Vasil'ev,  and  Okhrlmenko  [22].  For  convenient  comparison  of  the  experimental  data,  the 
absolute  capacity  losses  and  contents  of  H^  and  SO*”  ions  in  the  aqueous  extracts  are  referred  to  1  g  of  the  original 
resin  dried  to  constant  weight  over  P2O5.  These  results  and  the  known  original  capacities  of  the  resins  (Eg)  were 

used  to  calculate  the  relative  capacity  losses  R  =  —  *100  (where  Et  is  the  capacity  of  the  resin  after  t_hours  of 

heat  treatment.  ^ 
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TABLE  1 


Effects  of  Temperature  and  HeatlngTime  on  the  Capacity  of  Sulfonated  Cation  Exchangers 


Resin 

Tem¬ 

pera¬ 

ture 

CO 

Resin  capacity  Et  and  relative  capacity  loss  R  after  the  action 
of  heat  for 

3  hours 

6  hours 

12  hours 

24  hours  1 

R 

El 

R 

Et 

R 

Et 

R 

Resin  in  hydrogen  form 

SBS 

90 

_ 

— 

2.61 

1.5 

— 

— 

2..58 

2.6 

Wofatit  R 

90 

— 

— 

1.30 

5.8 

1.28 

7.2 

1.27 

8.0 

MSF 

90 

— 

— 

3.14 

2.5 

— 

— 

3.05 

5.3 

KU-IG 

5K) 

— 

— 

2.94 

1.7 

2.92 

2.3 

2.89 

3.3 

KU  1  .... 

90 

— 

— 

1.98 

1.5 

t.97 

2.0 

— 

— 

KU-1  .... 

no 

1.91 

5.0 

1.84 

8.5 

1.80 

10.4 

1.72 

14.4 

KU-1  .... 

1.50 

1.19 

40.8 

0.82 

.59.1 

0.61 

69.6 

0.38 

81.2 

KU  1  .... 

17.5 

0.26 

87.2 

0.17 

91.5 

0.13 

93.5 

0.08 

96.1 

KU-2  .... 

no 

— 

— 

— 

— 

4.66 

0.1 

4.65 

0.4 

KU-2  .... 

1.50 

4.55 

2.6 

4.49 

3.9 

4.3 

4..37 

6.5 

KU-2  .... 

17.5 

4.41 

5.6 

4.22 

9.6 

4.06 

13.1 

3.76 

19.5 

Res 

ins  in  s 

odium 

form 

KU-1  .... 

150 

1.90 

1.0 

1.85 

3.6 

1..59 

17.2 

l.:55 

29.6 

KU-1  .... 

175 

1.17 

39.0 

0.70 

63.7 

0.37 

80.7 

0.23 

88.0 

KU-2  .... 

175 

4.12 

1.9 

To  determine  the  mechanism  of  thermal  desulfonation  of  resins  in  water,  in  some  cases  the  contents  of 
and  SO|“  ions  in  the  aqueous  extracts  were  determined  in  addition  to  the  absolute  and  relative  capacity  losses. 

Special  experiments  were  performed  to  study  the  'effects  of  heat  treatment  on  density  and  hydration  (swelling) 
of  the  resins.  The  true  density  was  determined  by  the  usual  pycnometric  method  after  separation  of  free  water  by 
centrifugation  at  2500  revolutions/ minute  [13]  for  6  minutes. 

After  the  density  determination  the  resin  sample  was  transferred  quantitatively  into  a  weighing  bottle  and 
dried  at  130*  to  constant  weight.  The  amount  of  bound  water  was  found  from  the  weight  of  the  dried  resin  and  the 
known  weight  of  the  hydrated  resin. 


DISCUSSION  OF  RESULTS 

Under  industrial  conditions  ion  exchangers  are  in  contact  with  water  for  various  periods  at  different  tempera¬ 
tures.  Therefore  studies  of  the  effects  of  temperature  and  duration  of  heat  treatment  on  resin  capacity  are  of  great 
importance. 

The  results  of  determinations  of  the  capacities  of  sulfonated  resins.after  different  times  of  contact  with  water 
at  various  temperatures.are  given  in  Table  1. 

It  follows  from  Table  1  that  all  the  sulfonated  cation  exchangers  studied  undergo  thermal  desulfonation  when 
heated  in  water.  The  degree  of  desulfonation,  quantitatively  represented  by  the  relative  capacity  loss,  depends 
on  the  conditions  of  heat  treatment  and  the  nature  of  the  resin.  Of  all  the  resins  studied  the  highest  resistance  to 
the  action  of  heat  in  water  is  shown  by  the  polymeric  sulfonated  polystyrene  cation  exchanger  KU-2;  this  resin  is 
also  the  least  susceptible  to  thermal  desulfonation  in  air  [1,  19].  This  is  the  resin  to  be  recommended  for  H  or 
Na  cation  exchange  under  industrial  conditions. 

The  sulfonated  phenol- formaldehyde  resins  (KU-1,  KU-IG,  MSF,  Wofatit  R)  are  much  less  resistant.  In  this 
series  of  cation  exchangers  the  relative  capacity  loss  increases  symbatically  with  the  initial  exchange  capacity. 

The  resin  Wofatit  R  is  an  exception  to  this  rule,  possibly  because  it  contains  sulfo  groups  in  the  side  chain  as 
well  as  in  the  benzene  nucleus  [23]. 

In  all  experiments  the  capacity  of  KU-1  and  KU-2  resins  decreased  continuously  with  increase  of  tempera¬ 
ture  and  duration  of  heat  treatment.  A  general  feature  of  the  desulfonation  kinetics  of  these  resins  in  air  and  in 
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TABLE  2 


Results  of  Determinations  of  and  SO*  Ions  in  the  Aqueous  Extracts  and  Calculated 
Values  of  the  Initial  Capacity  of  the  Resins  in  Hydrogen  Form 


Resin 

Tem¬ 

pera¬ 

ture 

(“C) 

Contents  of  H+  ions  (A)  and  SO4*"  ions  (B)  in  aqueous  ex¬ 
tracts  and  calculated  values  of  Eq  after  thermal  desulfo¬ 
nation  lasting 

r.  hours  | 

12  hours  1 

2'4  hours 

1:, 

.\  1 

H 

1 

A  j 

H  1 

K.  1  .  1 

t  n 

KU-1 . 

1.50 

2.01 

2.35 

2M 

2.03 

2.73 

2.B.5 

2.03 

.3.20 

3.30 

KU-1 . 

17.5 

l.!H 

3.H1 

■  3..5.5 

2.01  1 

3.70 

3.74  ■ 

2.00 

3..S4 

3.90 

KU-2 . 

1 .50 

4. .59 

0.25 

0.2t 

4.0.5 

0.32 

0.35 

4.00 

0.50 

0.47 

I<U-2  .  ... 

175 

'1 .07 

0.91 

O.K(> 

1 

4.07 

1.27 

1.24 

4.09 

1.70 

1.80 

contact  with  water  is  a  gradual  slowing  down  of  the  rate  of  capacity  decrease  with  increasing  time  of  heat  treat¬ 
ment.  However,  the  almost  complete  cessation  of  desulfonation,  which  occurs  after  sufficiently  long  heat  treat¬ 
ment  in  air,  is  not  found  at  all  in  the  removal  of  sulfo  groups  in  presence  of  hot  water.  Therefore  the  capacity¬ 
time  graph  for  desulfonation  of  resins  in  water  is  represented  most  correctly  by  a  hyperbolic  curve,  or  by  a  straight 
line  in  log-log  coordinates.  In  our  opinion,  this  difference  in  the  desulfonation  kinetics  reflects  the  difference  be¬ 
tween  the  thermal  desulfonation  conditions  in  water  and  in  air:  in  the  former  instance  water  is  present  in  large 
excess  throughout  the  process,  and  in  the  latter,  is  removed  almost  completely  after  several  hours  of  heating. 

The  desulfonation  rate  in  air  [19]  and  in  water  Increases  sharply  with  rise  of  temperature.  At  175*  the  sodium 
forms  of  the  resins,  which  are  usually  more  stable,  show  appreciable  capacity  losses;  the  loss  is  especially  high  in 
the  case  of  KU-1  sulfonated  phenol- formaldehyde  resin,  which  loses  up  to  82%  of  its  initial  sulfo  groups  in  24 hours. 
In  general,  the  sodium  forms  of  the  resins,  containing  Na"^  cations,  which  have  a  weaker  polarizing  effect  thanH^ 
ions,  are  more  stable  than  the  resins  in  the  hydrogen  form.  This  superiority  of  resins  in  the  Na  form  is  very  ap¬ 
preciable  even  at  150“,  while  at  110“  KU-1  and  KU-2  resins  after  24  hours  of  contact  with  water  show  capacity 
losses  of  only  about  0.004  (KU-1)  and  0.003  (KU-2)  meq/ g. 

For  elucidation  of  the  mechanism  of  thermal  desulfonation,  in  some  experiments  the  capacity  determina¬ 
tions  were  supplemented  by  analysis  of  the  aqueous  extracts  for  their  If*"  and  SO^  ion  contents. 

Analytical  data  for  the  aqueous  extracts  are  given  in  Tables  2  and  3.  The  initial  capacities  Eq  of  the  resins 
in  the  hydrogen  form  were  calculated  from  the  results  of  quantitative  determinations  of  SO*“  ions  and  the  values 
found  or  their  capacities  after  heat  treatment  (Table  1).  iTie  calculations  were  based  on  the  assumption  that,  when 
1  meq  of  sulfo  groups  is  split  off,  2  meq  of  SO*"  passes  into  solution.  For  resins  in  the  Na  form  the  contents  of  H^ 
ions  after  heat  treatment  are  also  given.  The  analytical  results,  expressed  in  milliequivalents  per  gram  of  the 
original  dehydrated  resin,  are  average  values  for  at  least  two  parallel  determinations. 


TABLE  3 

Results  of  Determinations  of  IT*’  and  SO|"  Ions  in  the  Aqueous  Extracts  and  Contents  of 
H+  Ions  in  the  Na  Form  of  KU-1  Resin  after  Heat  Treatment 


Tern- 

1  Contents  of  H'*'  ions  and  SO4*"  ions  (D)  in  the  aqueous  extracts,  contents  of 
H'*'  ions  and  the  resin  (B),  and  values  of  A  +  B  =  C  after  heat  treatment  for 

pera- 

ture 

("C) 

fi  hours 

12  hours 

2'i 

hours 

■'  1 

It 

c 

/» 

.A 

1 

c  j 

/) 

-■  1 

It  1 

1 

;> 

1.50 

0.03 

0.05 

0.0s 

0.11 

0.20 

0.10 

0.30 

(UK) 

1 

(».11  1 

0.10 

0.57 

1.11 

175 

1.04 

0.20 

1 

1 .24 

2.11 

1..50 

0.05 

l.lil 

' 

3.10 

1.00  1 

0.05 

1 

3.39 

Comparison  of  the  analytical  results  for  the  aqueous  phases  after  contact  with  resins  in  the  hydrogen  form 
shows  satisfactory  agreement  between  the  numbers  of  milliequivalents  of  IT’’  and  SO|~  ions.  From  this  we  may 
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conclude  that  the  principal  product  of  thermal  desulfonation  is  sulfuric  acid.  The  satisfactory  agreement  between 
the  experimental  and  calculated  capacities  of  both  resins  is  consistent  with  the  assumption  that  2  meq  of  H2SO4 
is  formed  per  milliequivalent  of  sulfo  groups  split  off.  This  corresponds  to  the  reaction 


HSOnll  -f-  1100=^  Hit  +  Il2^<»4.  (1) 

which  may  be  named  the  thermal  hydrolysis  reaction. 

It  is  easy  to  see  from  Table  3  that  desulfonation  of  the  sodium  forms  of  both  resins  in  contact  with  water  is 
also  the  result  of  thermal  hydrolysis  according  to  the  equation 


HSOaNii  -I-  11^0=  Hll  -f  NanS04.  (2) 

Consistently  with  this  mechanism  of  thermal  desulfonation,  the  aqueous  extracts  were  found  to  contain 
about  2  meq  of  SO*”  ions  per  meq  of  fT*"  ions  in  the  liquid  phase  and  in  the  resin.  The  presence  of  a  certain  amount 
of  FT*’  ions  in  the  resin  is  not  unexpected,  and  is  caused  by  displacement  of  a  part  of  the  Na"*^  ions  by  free  ions 
formed  in  the  liquid  phase  by  Reaction  (2). 


TABLE  4 

Density  and  Swelling  of  KU-1  and  KU-2  Resins  in  the  H,  Na,  and  K  Forms 


Resin 

Density 

(g/ccj 

of  resin 

Swelling  of  resin  (in  HjO 
per  g  or  original  resin) 

before 

heat 

treat¬ 

ment 

after  heat  treat¬ 
ment 

before 

heat 

treat¬ 

ment 

after  heat  treat¬ 
ment 

in  air 

in  water 

in  air 

in  water 

Ku-1,  11-  form 

1.257 

1.3()8 

1.2.38 

0.70 

0.26 

0.39 

Ku-1,  N  a  form 

1.295 

1.3.36 

1.236 

0.63 

0.46 

0.48 

Ku-1,  K-forrr. 

1.331 

1.331 

1.239 

0.51 

0.49 

0.53 

Ku-2,  11- form 

1.151 

1.215 

1.143 

1.78 

1.01 

1.55 

Ku-2,  Na-form 

1.213 

1.220 

1.215 

1.32 

1.22 

1.31 

Flu -2,  K-form 

1 .225 

1.242 

1.249 

1.02 

1.12 

1.02 

It  is  interesting  to  note  that  addition  of  sulfuric  acid  to  the  aqueous  phase  accelerates  Reaction  (1),  and  ad¬ 
dition  of  alkali  retards  [24]  Reaction  2. 

Decrease  of  the  active  sulfo  group  content  is  the  most  important,but  not  the  only  consequence  of  heat  treat¬ 
ment  of  ion-exchange  resins. 

It  has  already  been  shown  by  the  author  [17]  that  heat  treatment  of  resins  in  air  results  in  a  considerable  in¬ 
crease  of  their  density  in  the  swollen  state  and  appreciable  decrease  of  their  swelling. 

In  the  present  investigation,  determinations  of  swelling  and  density  were  extended  to  resins  which  had  been 
heated  in  water. 

Table  4  contains  data  on  the  density  and  swelling  of  the  hydrogen,  sodium,  and  potassium  forms  of  KU-1 
and  KU-2  resins  before  and  after  heat  treatment  in  air  and  in  water.  The  duration  of  heat  treatment  was  24  hours 
in  all  cases.  The  resins  were  heated  at  185“  in  air  and  at  175"  in  water.  The  densities  refer  to  swollen  resins. 

In  accordance  with  data  published  earlier  [17],  increases  of  density  or  decreases  of  hydration  of  sulfonated 
cation  exchangers  in  different  ionic  forms  are  an  objective  measure  of  the  degree  of  desulfonation  of  resins  as  the 
result  of  heat  treatment  in  air. 

There  is  no  such  definite  relationship  between  the  relative  capacity  loss  and  the  density  or  swelling  of  resins 
in  the  hydrogen  form  after  heat  treatment  in  water.  In  these  cases  the  densities  of  both  resins  decrease  despite  the 
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decrease  of  swelling.  This  is  evidently  the  result  of  the  tendency  of  substances  with  a  mobile  spatial  structure  to 
Increase  their  degree  of  swelling  with  the  temperature.  In  that  case  the  swelling  of  a  resin  is  determined  by  the 
action  of  two  opposing  effects;  expansion  of  the  spatial  network  of  the  resin,  and  decreased  content  of  the  strongly 
hydrated  sulfo  groups.  Deformation  of  the  spatial  network  accounts  for  the  increase  of  the  equivalent  moisture 
capacity  [15]  of  resins  In  the  hydrogen  form  as  the  result  of  heating  in  water.  This  effect  is  especially  pronounced 
In  KU-1  resin,  the  swelling  of  which  Is  decreased  only  by  a  factor  of  1.8  for  a  loss  of  over  96%  of  Its  capacity.  It 
may  be  noted  here  that  in  our  Interpretation  of  the  causes  of  Increase  of  the  equivalent  moisture  capacity  produced 
by  the  action  of  heat  on  the  resins  in  water,  we  disagree  with  American  workers  [15,  25]  who  attribute  this  effect 
only  to  a  decrease  of  the  degree  of  cross  linking  of  the  resins. 

In  support  of  our  viewpoint,  it  may  be  stated  that  deformation  of  the  spatial  network  caused  by  the  Increase 
of  its  swelling,  due  to  heating  in  water,  is  not  completely  Irreversible.  Thus,  after  the  hydrogen  forms  of  KU-1 
and  KU-2  resins,  which  had  been  subjected  to  thermal  hydrolysis  at  175"  for  24  hours,  had  been  dried,  their 
swelling  in  cold  water  fell  to  0.26  and  1.22,  respectively.  Similar  results  were  found  for  resins  in  the  potassium 
and  sodium  forms. 

Consistently  with  the  decreasing  hydration  of  the  ions  themselves  in  the  series  H  >  Na  >  K,  the  swelling 
of  resins  in  the  H,  Na,  and  K  forms  not  subjected  to  heat  treatment  decreases  in  the  same  series,  and  the  density 
correspondingly  increases. 

A  definite  relationship  exists  between  the  changes  in  the  density  and  swelling  of  resins  in  the  K  and  Na 
forms,  caused  by  heating  in  air  and  their  thermal  stability.  The  Na  and  K  forms  of  KU-2  resin  and  the  K  form  of 
KU-1  resin,  which  are  very  resistant  to  thermal  treatment  in  air,  show  relatively  small  density  changes  after 
being  heated  for  24  hours  at  185".  The  less  stable  Na  form  of  KU-1  resin,  which  is  appreciably  desulfonated  even 
when  heated  in  air,  shows  a  considerable  density  Increase  with  a  corresponding  decrease  in  swelling. 

When  the  K  and  Na  forms  of  KU-1  resin  are  heated  in  water,  their  density  decreased  considerably  despite 
the  loss  of  most  of  the  sulfo  groups  present  in  the  original  resins;  the  final  densities  of  the  Na  and  K  resins  are 
virtually  the  same  as  that  of  the  resin  in  the  H  form.  It  is  very  probable  that  the  densities  of  all  these  resins,  de¬ 
sulfonated  to  a  considerable  extent,  are  determined  by  the  properties  of  the  phenol-formaldehyde  polymer  itself, 
and,  especially,  by  its  power  to  immobilize  water  at  high  temperatures. 

The  density  and  swelling  of  the  sodium  and  pKJtassium  forms  of  KU-2  resin,  which  are  only  slightly  suscep¬ 
tible  to  thermal  hydrolysis,  remain  almost  unchanged  when  these  resins  are  heated  in  contact  with  water  at  175* 
for  24  hours. 

It  follows  that  variations  in  the  density  and  swelling  of  ion  exchangers,under  the  influence  of  heat,are  directly 
associated  with  desulfonation. 

In  conclusion,  I  thank  K.  M.  Saldadze,  A.  B.  Pashkov,  and  N.  T.  Romanchenko  for  providing  samples  of  Ion- 
exchange  resins. 


SUMMARY 

1.  It  is  shown  that  all  the  sulfonated  cation  exchangers  studied,  with  different  organic  polymer  radicals 
(KU-1,  KU-2,  SBS),  undergo  loss  of  capacity  when  heated  in  water,  owing  to  loss  of  sulfo  groups  (thermal  de¬ 
sulfonation). 

2.  The  intensity  of  thermal  desulfonation  depends  not  only  on  the  process  conditions  (temperature,  heating 
time)  but  also  on  the  structural  characteristics  of  the  organic  framework  of  the  resin  macromolecule  and  the  nature 
of  its  counter  ions.  The  thermal  stability  of  KU-2  cation  exchanger  is  higher  than  that  of  the  other  resins.  The 
sodium  forms  of  all  these  cation  exchangers  are  more  stable  than  the  hydrogen  forms. 

3.  Kinetic  studies  of  thermal  desulfonation  showed  that  there  is  a  linear  relationship  between  the  logarithm 
of  the  capacity  of  KU-1  and  KU-2  resins  and  the  logarithm  of  the  time  of  heat  treatment  in  water. 

4.  It  is  shown  that  thermal  desulfonation  in  presence  of  water  is  a  hydrolysis  reaction.  It  is  therefore  pos¬ 
sible  to  determine  indirectly  the  capacity  losses  of  resins  in  the  hydrogen  form  by  titration  of  H"*"  or  SO*”  ions  in  the 
liquid  phase,which  had  been  in  contact  with  the  resins  during  heat  treatment. 
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5.  Capacity  losses  of  cation  exchangers  as  the  result  of  thermal  desulfonation  are  accompanied  by  changes 
In  their  true  density  and  swelling.  It  Is  suggested  that  Increase  of  the  equivalent  moisture  capacity  of  resins  is 
caused  by  Increase  of  their  swelling  power  on  heating  rather  than  by  decreasing  cross  linking. 
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PHYSICOCHEMICAL  PROPERTIES  OF  GLASSY  LITHIUM  SILICATES 
AND  ALUMINOSILICATES 

S.  K.  Dubrovo  and  Yu.  A.  Shmidt 


In  recent  years  there  has  been  a  considerable  increase  in  the  use  of  lithium  compounds  for  the  p  oduction 
of  various  silicate  materials  such  as  glazes,  enamels,  porcelain,  special  glasses,  etc.  However,  they  are  not  used 
nearly  enough,  especially  in  the  glass  industry.  One  reason  for  this  is  that  the  iiifluerce  of  lithium  oxide  on  the 
physicochemical  properties  of  glasses  has  been  studied  very  little.  The  role  of  lithium  oxide  is  seen  most  clearly 
in  studies  of  the  properties  of  simple  systems  in  comparison  with  the  properties  of  other  alkali  systems  —  potassium 
and  .sodium. 


Fig.  1.  Positions  of  the  compositions  stu¬ 
died  on  the  phase  diagram  for  the  system 
Li20  —  SiOj:  A)  temperature  ( "C);  B)  Si02 
content  (molar  <’Jo)\  C)  Li20:Si02  ratio. 


Simple  lithium  glasses  have  a  higher  tendency  to 
crystallization  than  soda  or  potash  glasses.  Several  workers 
have  reported  that  it  is  impossible  to  obtain  glassy  materials, 
even  with  quenching,  in  the  system  Li20  —  Si02  with  lithium 
oxide  contents  of  40  molar  %  and  over  [1,  2].  Lithium 
borate  glasses  have  an  even  greater  tendency  to  crystalli¬ 
zation.  Thus,  according  to  Moore  and  McMillan,  glasses  of  the 
Li20— B20g  system  containing  over  25  molar  %  lithium  oxide 
crystallize,  whereas  in  sodium  borate  glasses  of  sodium  oxide 
content  can  be  raised  to  33  molar  %.  The  amount  of  alkali- 
metal  oxides  may  be  increased  in  presence  of  aluminum 
oxide  [3].  It  should  be  noted  that  these  workers  obtained 
glassy  specimens  of  lithium  silicates  and  aluminosilicates 
of  a  number  of  different  compositions  only  in  small  amounts 
(0.5  g),  and  with  the  use  of  rapid  cooling. 

The  literature  contains  few  data  on  systematic  studies 
of  the  physicochemical  properties  of  glassy  lithium  silicates 
The  published  data  refer  mainly  to  certain  physical  properties 
such  as  the  coefficient  of  thermal  expansion,  viscosity,  and 
density  [3-7].  In  recent  years  papers  have  also  appeared  on 
the  electrical  properties  of  simple  and  complex  lithium  borate 
and  lithium  borosilicate  glasses  [8].  The  published  results 
show  that  glassy  lithium  silicates  have  lower  viscosities,  co¬ 
efficients  of  thermal  expansion,  and  densities  than  potassium 
or  sodium  glasses  of  the  same  molecular  composition.  Pub¬ 
lished  data  on  the  chemical  properties  of  simple  lithium 
glasses,  especially  in  relation  to  lithium  silicates,  are  very 


scanty.  There  are  only  occasional  and  incidental  data,  which  are  not  the  results  of  systematic  investigations  [9], 
There  is  even  less  information  on  the  physical  properties  of  glassy  lithium  aluminosilicates.  However,  investiga¬ 
tions  of  these  properties  are  especially  Important  at  the  present  time,  because  glasses  of  the  Li20— AlgOg— SiOg 
system  form  the  basis  of  new  silicate  materials  of  especially  high  mechanical  strength  [10]. 

Our  main  object  was  to  study  the  breakdown  of  glassy  lithium  silicates  and  aluminosilicates  by  the  action 
of  aqueous  solutions.  We  also  determined  physical  properties  —  density  and  refractive  index  —  which  were  then 
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no. 


Fig.  2.  Compositions  In  the  system  LI2O— AI2O3  — 
—  SIO2.  Region  of  glass  formation  In  the  system 
according  to  Moore  and  McMillan  [31,  continuous 
line;  a)  glassy  composition;  b)  crystallized  com- 
jXJsitlons;  from  our  data,  dash  line;  c)  glassy 
compositions. 


used  for  calculation  of  molar  volumes  and  refractions  of 
lithium  glasses.  The  results  were  compared  with  data 
on  soda  and  potash  glasses.  This  combined  Investigation 
of  physical  and  chemical  properties  provided  a  deeper 
Insight  Into  the  behavior  of  simple  silicates  containing 
alkali-metal  Ions  of  different  Ionic  radii. 

EX  PERIMENTA  L 

The  glassy  lithium  silicates  and  aluminosilicates 
were  made  In  a  furnace  with  Slllt  heaters.  All  theglasses 
were  made  In  50-100  g  lots  In  platinum  crucibles.  The 
starting  materials  were  lithium  carbonate  (analytical 
grade),  aluminum  hydroxide  (pure  grade),  and  ground 
rock  crystal  containing  ~  0.01^  impurities.  The  thoroughly 
mixed  batch  was  first  heated  In  a  muffle  furnace  at  500- 
600*  to  prevent  powdering  when  It  was  put  ln?o  the 
heated  crucible.  Lithium  silicate  glasses  In  the  com¬ 
position  range  (LI2O;  SIO2)  from  1 ;  1  to  1 ;  3  were  melted 
at  temperatures  of  about  1300*,  and  glasses  of  the  com¬ 
position  1 : 4  and  1 : 5  were  melted  at  1480-1600*.  All 
these  glasses  were,  less  viscous  than  the  corresponding 
soda  glasses,  and  were  readily  homogenized,  so  that 
hand  stirring  of  the  melt  by  means  of  a  platinum  stirrer 


was  sufficient.  Certain  difficulties  arose  In  the  preparation  of  glassy  samples  because  of  the  high  crystallization 
rate  of  simple  lithium  silicate  glasses.  The  following  method  was  used:  a  small  portion  of  the  melted  glass  was 
poured  rapidly  from  the  hot  crucible  Into  a  flat  steel  mold  in  the  form  of  a  round  depression  (depth  ~3  mm, 
diameter  45  mm)  and  pressed  down  at  once  with  a  massive  steel  block.  The  glass  disk  so  formed  was  quickly 
transferred  Into  the  annealing  muffle.  Even  with  this  rapid  cooling,  some  of  theglasses  sometimes  partly  crystal- 
Ized. 


TABLE  1 


Compositions  of  Glassy  Lithium  Silicates  and  Aluminosilicates 


Composition  by  synthesis 

Composition  by  analysis 

Oxide  ratio 

Molar  percentages 

Oxide  ratio 

L1,0 

A1]0, 

SIO, 

L«,0 

A1,0, 

SIO, 

Li,o 

A1,0, 

SIO, 

1 

1 

.50.0 

50.0 

1 

— 

1.2 

45.4 

— 

54.6 

— 

— 

— 

1 

— 

1.4 

41.7 

— 

.58.3 

1 

— 

1.39 

1 

— 

1.7 

37.1 

— 

62.9 

1 

— 

1.73 

1 

— 

2.0 

.33.3 

— 

66.7 

1 

— 

2.03 

1 

— 

2.3 

30.3 

— 

69.7 

— 

— 

— 

1 

_ 

2.6 

27.8 

— 

72.2 

— 

— 

— 

1 

— 

3.0 

25.0 

— 

75.0 

1 

— 

3.16  ’ 

1 

— 

4.0 

20.0 

— 

80.0 

1 

— 

4.00 

1 

— 

5.0 

16.7 

— 

83.3 

1 

— 

5.00 

1 

0.05 

2.0 

32.8 

1.6 

65.6 

— 

— 

— 

1 

0.15 

2.0 

31.7 

4.8 

63.5 

1 

0.16 

2.06 

1 

0.30 

2.0 

30.3 

9.1 

60.6 

1 

0.32 

2.04 

1 

0.50 

2.0 

28.6 

14.3 

57.1 

1 

0.51 

2.03 

1 

1.00 

2.0 

25.0 

25.0 

50.0 

1 

1.02 

1.98 

1 

0.80 

2.2 

25.0 

20.0 

55.0 

1 

0.84 

2.21 

1 

O.GO 

2.4 

25.0 

15.0 

60.0 

1 

0.59 

2.30 

1 

1.00 

3.0 

20.0 

20.0 

60.0 

1 

0.99 

2.90 

i 

0.75 

3.25 

20.0 

15.0 

65.0 

1 

0.77 

3.06 

1 

O..50 

3.5 

20.0 

10.0 

70.0 

1 

0.51 

3.45 

1 

l.OO 

4.0 

16.7 

16.7 

66.6 

1 

1.04 

4.14 

1 

1.00 

6.0 

12.5 

12.5 

75.0 

_ 
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Fig.  3.  Effect  of  composition  on  the  densi¬ 
ties  and  refractive  indices  of  glassy  lithium 
and  sodium  silicates:  A)  density;  B)  refrac¬ 
tive  index;  C)  Si02  content  (molar  ^o):  re¬ 
fractive  indices  of  glassy  silicates:  1) lithium; 

2)  sodium;  densities  of  glassy  silicates: 

3)  lithium;  4)  sodium. 
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Fig.  4.  Effect  of  composition  on  the  den¬ 
sities  and  refractive  indices  of  glassy  lith¬ 
ium  and  sodium  aluminosilicates:  A)  den¬ 
sity;  B)  refractive  index;  C)  addition 
(moles)  of  AljOj  to  glasses  of  the  composi¬ 
tion  R20*  25102;  refractive  indices:  1)  lith¬ 
ium;  2)  sodium;  densities:  3)  lithium; 

4)  sodium. 


Glasses  of  the  compositions  1 : 1  and  1 :  2  crystallized 
especially  rapidly,  with  formation  of  large  crystals  of  lithium 
metasilicate.  These  glasses  were  poured  onto  a  flat  plate  and 
quickly  flattened  out.  Some  glass  could  be  obtained  even 
with  these  compositions,  if  the  crystallized  portions  were  then 
remelted.  It  must  be  pointed  out  that  Kracek  [11]  was  the  only 
one  to  obtain  glasses  in  this  composition  region,  in  the  form 
of  very  small  specimens.  Plates  of  glasses  of  the  compositions 
1 : 4  and  1 :  5  were  made  similarly.  Other  workers  could  only 
obtain  opaque  glasses  of  these  compositions  [6,  7]. 

Lithium  aluminosilicate  glasses  were  made  in  two  series. 
The  first  series  of  glasses  consisted  of  lithium  disilicate  with 
0.05  to  1  mole  of  aluminum  added.  The  second  series  was 
based  on  glasses  of  lower  alkali  oxide  content,  of  the  composi¬ 
tion  L^O*  A1203*  aSi02  (a  =  2,  3,  4,  and  6),  and  in  some  of 
them,  part  of  the  alumina  was  replaced  by  silica.  The  lith¬ 
ium  aluminosilicate  giasses  were  melted  at  1450-1480".  They 
showed  a  lower  tendency  to  crystallization  than  the  lithium 
silicate  glasses.  All  the  samples  were  annealed  in  a  muffle 
furnace,  at  temperatures  from  450  to  500",  according  to  com¬ 
position,  and  the  quality  of  annealing  was  tested  by  means 
of  the  polariscope. 

In  this  way  we  obtained  glasses  in  the  system  Li20— 

—  Si02  containing  from  16.7  to  50  molar  %  lithium  oxide,  and 
in  the  system  Li20— AI2O3— Si02  containing  from  12.5  to 
32.8  molar  %  lithium  oxide  and  from  1.6  to  25  molar  <^o 
aluminum  oxide.  Table  1  contains  the  compositions  of  these 
glasses,  and  Fig.  1  shows  the  position  of  the  lithium  silicate 
glass  compositions  on  the  phase  diagram  for  the  system  Li20— 

—  Si02.  Figure  2  shows  the  region  of  glass  formation  in  the 
system  Li20—  AI2O3— Si02,  according  to  Moore  and  McMiilan 
and  to  our  data. 

The  refractive  indices  and  densities  of  the  glasses  were 
determined.  Refractive  indices  were  determined  by  the  im¬ 
mersion  method  to  an  accuracy  of  ±  0.003,  and  densities 
were  determined  by  hydrostatic  weighing.  Similar  determina¬ 
tions  were  performed  on  sodium  silicate  and  sodium  alumino¬ 
silicate  glasses.  The  results  are  given  in  Tables  2  and  3  and 
Figures  3  and  4.  It  is  seen  that  glassy  lithium  silicates  have 
higher  refractive  indices  and  lower  densities  than  sodium  sili¬ 
cates  of  the  corresponding  molecular  composition.  The  den¬ 
sity-composition  curve  for  lithium  silicate  glasses  takes 
and  anomalous  course,  with  a  maximum  at  58-63  molar  % 

Si02.  The  density  and  refractive  index  differences  diminish 
with  increasing  silica  contents  in  the  glasses.  Similar  results 
are  seen  when  the  refractive  indices  and  densities  of  glassy 
lithium  and  sodium  aluminosilicates  are  compared.  These 
values  increase  both  for  lithium  and  for  sodium  aluminosilicates 
with  increasing  alumina  content,  and  decrease  with  increasing 
silica  content. 

The  densities  and  refractive  indices  were  used  for  cal¬ 
culation  of  the  molar  volumes  and  refractions  of  the  glasses, 
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TABLE  2 

Refractive  Indices,  Densities,  and  Molar  Volumes  of  Glassy  Lithium  Silicates  and  Alumi¬ 
nosilicates,  and  the  Ionic  Refraction  of  Oxygen  In  Them 


Oxide  ratio 

Refractive 

Index 

Density 

Molar 

volume 

[onlc  re¬ 
fraction 
of  oxygen 

IJ.O 

Al.O, 

SIO, 

i 

1 

1.559 

2.330 

19.29 

4.08 

1 

— 

1.2 

1.555 

2.346 

19.76 

4.00 

1 

— 

1.4 

1.549 

2.351 

20.18 

3.99 

! 

— 

1.7 

1.542 

2.350 

20.78 

3.94 

1 

— 

2.0 

1.532 

2.347 

20.29 

3.94 

1 

— 

2.3 

1.524 

2.332 

21.81 

3.86 

1 

— 

2.6 

1.518 

2.319 

22.29 

3.85 

1 

— 

3.0 

1.511 

2:307 

22.74 

3.83 

— 

4.0 

1.500 

2.283 

23.64 

3.80 

— 

5.0 

1.491 

2.267 

24.24 

3.80 

0.05 

2.0 

1.533 

2.355 

21.57 

3.95 

1 

0.15 

2.0 

1.536 

2.372 

22.12 

4.09 

1 

0.30 

2.0 

1.538 

2.395 

22.84 

4.25 

1 

0.50 

2.0 

1.540 

2.407 

23.85 

4.49 

1.00 

2.0 

1.543 

2.440 

25.19 

4.97 

1 

0.S0 

2.2 

1.538 

2.419 

25.17 

4.69 

1 

0.60 

2.4 

1.535 

2.406 

24.43 

4.13 

1 

l.OO 

3.0 

1.525 

2.409 

25.90 

4.59 

1 

0.75 

3.25 

1.519 

2.392 

25.20 

4.37 

1 

0..50 

3.50 

1.516 

2.297 

25.30 

4.30 

1  1.00 

4.0 

1.516 

2.374 

26.08 

4.42 

1  1.00 

fi.O 

1.509 

2.360 

26.05 

4.02 

a-Spodumene  | 

1.657— 

1.674 

3.014 

— 

— 

6  -Spodumene  | 

1.517— 

1.523 

2.460 

— 

— 

Spodumene  glass 

1.515 

2..327 

— 

— 

TABLE  3 

Refractive  Indices,  Densities,  and  Molar  Volumes  of  Glassy  Sodium  Silicates  and  Alumi¬ 
nosilicates,  and  the  Ionic  Refraction  of  Oxygen  In  Them. 


Oxide  ratio 

Refractive 

index 

Density 

Molar 

volume 

Ionic  re¬ 
fraction  of 
oxygen 

Na,<) 

Ai,o, 

.sio, 

1 

1.0 

1.517 

2..562 

23.81 

4.60 

1 

— 

1.4 

1.513 

2.533 

24.02 

4.37 

1 

— 

1.7 

1  ..50S 

2..50S 

24.22 

4.27 

1 

— 

2.0 

1 .506 

2.4S6 

24.40 

4.20 

1 

— 

2.:i 

1 .503 

2.470 

24..54 

4.14 

1 

— 

2.'. 

1.501 

2.451 

24.71 

4.10 

1 

— 

3.0 

1 .497 

2.435 

24.80 

4.00 

1 

— 

4.0 

1 .492 

2.391 

25.2(i 

3.96 

1 

— 

6.0 

1.479 

2.328 

25.85 

3.84 

1 

0.05 

2.0 

1..507 

2.487 

24.66 

4.27 

1 

0.15 

2.0 

1..50S 

2.487 

25.19 

4.36 

1 

0..30 

2.0 

1..509 

2.497 

25.80 

4.52 

1 

0..50 

2.0 

1.510 

2... 01 

26.62 

4.72 

1 

l.(K) 

2.0 

1.514 

2.500 

28.39 

5.14 

1 

1.00 

3.0 

1..505 

2  463 

27.93 

4.75 

1 

1.00 

4.0 

1 .498 

2.420 

27.77 

4.55 

1 

1.00 

6.0 

1.491 

2.368 

26.69 

4.17 

Quartz  glass  .  . 

1.4.59 

2.20 

27.27 

3.67 
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and  also  the  average  ionic  refraction  of  oxygen  In  them.  The  molar  refractions  of  the  glasses  were  calculated 
from  the  Lorentz- Lorenz  equation 


/f  = 


n'^  —  1 


d 


where  n  Is  the  refractive  index,  M  is  the  molecular  weight,  and  d  is  the  density  of  the  glass.  The  molecular  weight 
of  each  glass  was  calculated  as  the  sum  of  the  mole  fraction  of  the  oxides  Zsio^).  multiplied  by 

their  molecular  weights  (mj,  mj,  m3): 


M  .  />; j  \-  •  m.,  -f-  •  m3. 

The  refraction  of  the  oxygen  ion  in  glass  was  calculated  by  subtraction  of  the  ionic  refractions  of  silicon, 
aluminum,  and  sodium  or  lithium  from  the  molar  refraction  of  the  glass,  by  the  formula 

_ ^^gl-^^Mc~  ~ 

*’  X  1  1  .by  + 

The  ionic  refractions  were  taken  from  the  literature  sources  [12].  The  calculated  molar  volumes  of  the 
M 

glasses  (v=~  )  and  the  ionic  refractions  of  oxygen  In  them  are  given  in  Table  2  for  lithium  glasses,  and  in  Tables 

for  sodium  glasses.  It  is  seen  from  these  results  that  the  molar  volume  increases  and  the  Ionic  refraction  of  oxygen 
decreases  with  Increasing  silica  contents  in  glassy  lithium  and  sodium  silicates.  The  molar  volume  and  ionic  re¬ 
fraction  of  oxygen  increases  with  progressive  replacement  of  silica  by  alumina  in  lithium  and  sodium  glasses. 


TABLE  4 

Partial  Refractive  Indices,  Molar  Volumes,  and  Molar  Refractions  of  Aluminum  Oxide  In 
Alkali  Silicate  Glasses 


Oxide  ratio 

"A1,0, 

"ALO, 

^Al.O, 

R,o 

Al,0, 

SIO, 

from 

lithium 

glasses 

w^ifum 

glasses 

from 

lithium 

glasses 

from 

sodium 

glasses 

from 

lithium 

glasses 

SOTum 

glasses 

1 

0.05 

2.0 

1..593 

38.79 

40.4 

12.23 

13.49 

1 

0.15 

2.0 

1.615 

1.548 

38..58 

40.8 

12.85 

12.87 

i 

0.30 

2.0 

1.598 

1 .555 

38.32 

39.8 

12..53 

12.30 

1 

0.50 

2.0 

1.588 

1..539 

39.19 

39.9 

12.82 

12.49 

1 

1.00 

2.0 

1.576 

1..539 

36.90 

40.4 

12.82 

12.48 

1 

O.SO 

2.2 

1..582 

— 

39.20 

— 

12.73 

— 

1 

0.60 

2.4 

1.614 

— 

38.30 

— 

12.71 

— 

1 

i.OO 

3.0 

1..581 

1..527 

38.54 

40.4 

12.41 

12.49 

i 

0.75 

3.25 

1.592 

— 

37.70 

— 

— 

1 

1.00 

4.0 

1..596 

1 .522 

38.40 

40.6 

12.54 

12.29 

1 

1.00 

6.0 

— 

— 

40.0 

12.71 

12.54 

Mean 

1.594 

1.538 

38.35 

40.3 

12.67 

12.82 

N  820 — CnO — 6A1.)03 — 2Si02 

_ 

_ 

4C 

.5 

12 

68 

NazO— CaO— feAlgOa— 3Si02 

— 

— 

40.5 

12 

53 

N  830 — CaO — iAl203 — 4Si02 

— 

— 

40.5 

12.45 

*  CaO— AI2O3— 2Si02  glassy 

. 

— 

t.t 

20 

- 

- 

•  From  Appen's  data  [7]. 
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Comparison  of  the  data  in  Tables  2  and  3  shows  that  the  molar  volume  and  ionic  refraction  of  oxygen  are  lower 
for  lithium  than  for  sodium  glasses.  This  shows  that  the  structure  of  lithium  glasses  Is  more  compact  or  denser 
than  that  of  sodium  glasses  of  the  corresponding  molecular  compositions,  Evstrop’ev  found  an  empirical  relation¬ 
ship  between  the  average  refraction  of  the  oxygen  Ion  and  the  energy  of  the  structural  network  of  the  glass  [13], 

The  two  quantities  are  Inversely  proportional  In  the  range  of  Rq  between  3.5  and  5.  It  follows  that  lithium  silicate 
and  lithium  aluminosilicate  glasses  have  greater  energy  of  the  structural  network  per  mole  of  glass  than  the  cor¬ 
responding  sodium  glasses.  It  Is  to  be  expected  that  lithium  glasses  would  be  attacked  more  slowly  than  correspond¬ 
ing  sodium  glasses  by  chemical  reagents. 

The  partial  refractive  Indices,  molar  volumes,  and  molar  refractions  of  aluminum  oxide  In  glassy  lithium 
and  sodium  aluminosilicates  were  then  calculated.  The  calculations  were  based  on  the  additivity  principle:  It 
was  assumed  that  each  glassy  aluminosilicate  consists  of  the  corresponding  silicate  with  an  addition  of  a  certain 
amount  of  alumina.  Thus,  calculations  for  compositions  of  the  type  Rj0*bAl203*  25102  were  based  on  the  properties 
ofRjO*  2SiC2glasses;  forcompositions  of  the  type  R20*  Al203‘ aSiOj,  on  the  properties  of  R2O  *35102,  R2O  *45102 
glasses,  etc.  The  calculations  were  performed  by  means  of  Appen’s  formula  [7]: 

A/j 

'  (•  . 

where  g  is  the  measured  property  of  an  aluminosilicate  glass,  Ag  Is  the  difference  between  the  values  for  the 
property  of  the  given  glass  and  of  the  corresponding  glassy  silicate,  and  Is  the  mole  fraction  of  aluminum 
oxide. 

The  calculated  results  are  given  in  Table  4.  The  results  obtained  by  5afford  and  5ilverman  [14],  who  studied 
refraction  in  a  series  of  soda-lime  aluminosilicate  glasses,  are  given  in  the  same  table.  They  compared  their 
values  with  the  partial  molar  refractions  of  aluminum  oxide  in  crystalline  aluminosilicates.  The  partial  properties 
of  aluminum  oxide  in  the  glasses  were  found  to  be  very  close  to  the  values  in  alblte,  carnegielte,  and  anorthlte, 
and  different  from  the  values  in  kyanlte  and  corundum.  5afford  and  5ilverman  therefore  concluded  that  aluminum 
has  coordination  number  four  in  the  glasses  studied.  It  follows  from  the  data  in  Table  4  that  the  values  of  partial 
molar  volume  and  partial  molar  refraction  of  aluminum  oxide  are  very  close  to  each  other,  and  are  within  the 
range  of  values  found  for  the  glasses  studied  by  5afford  and  5ilverman. 

Evidently  aluminum  must  have  coordination  number  four  in  glassy  lithium  aluminosilicates  also.  The  acid 
resistance  should  therefore  deteriorate  with  increase  of  the  alumina  content  of  lithium  aluminosilicates  above  a 
certain  limit;  this  was  confirmed  by  subsequent  investigation. 

5UMMARY 

1.  Glasses  were  prepared  in  the  system Li20-Si02,  containing  from  16.7  to  50  molar  %  lithium  oxide,  and 
in  the  system  Li20— AI2O3— 5102  containing  from  12.5  to  32.8%  lithium  oxide  and  1.6  to  25  molar  %  alumina. 

The  crystallization  rate  of  these  glasses  increases  as  the  composition  approaches  that  of  lithium  metaslllcate  (1 :1.4, 
1 : 1.2,  1 : 1).  Lithium  aluminosilicate  glasses  are  less  prone  to  crystallization. 

2.  Lithium  silicate  and  aluminosilicate  glasses  have  higher  refractive  indices  but  lower  densities,  molar  vol¬ 
umes,  and  ionic  refractions  for  oxygen  than  the  corresponding  sodium  glasses. 

3.  Calculations  of  the  partial  properties  of  aluminum  oxide  in  these  glassy  lithium  and  sodium  silicates  in¬ 
dicate  that  aluminum  in  them  has  coordination  number  four. 
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PRODUCTION  OF  ACID-RESISTANT  MATERIALS  BASED  ON 
CORUNDUM  WITH  ADDITIONS  OF  ORG  A  NOS  I  LIC  O  N  POLYMERS 

I.  D.  Abramson,  V.  A.  Bork,  and  I.  I.  Kornbllt 
The  D.  I.  Mendeleev  Institute  of  Chemical  Technology,  Moscow 


Acid-resistant  materials  used  at  present  do  not  fully  satisfy  requirements.  The  present  investigation  was 
therefore  undertaken  in  order  to  search  for  new  ceramic  materials,  both  of  dense  structure  and  with  filtration 
properties,  with  high  acid  resistance. 

The  principal  mineral  material  used  was  white  sysnthetic  corundum  made  in  the  electric  furnace,  which 
has  high  acid  resistance.  The  sintering  additive  was  an  organosilicon  polymer,  ethyl  silicate  40,  hydrolyzed  by 

In  pyrolysis  of  organosilicon  compounds  during  firing 
of  ceramics,  the  organic  portion  is  volatilized  and  polymeric 
silica  remains  in  the  form  of  a  coating  on  the  grains  of  the 
main  material  [1,  2].  This  should  give  an  acid-resistant 
material,  as  SiOj  is  also  resistant  to  acids.  Moreover,  if 
enough  of  the  organosilicon  compound  is  added,  in  some 
cases  a  porous  material  may  be  obtained  as  the  result  of 
evolution  of  gaseous  pyrolysis  products  (CO,  COj,  H20,etc.) 
during  firing. 

EXPERIMENTA  L 

Synthetic  corundum  of  the  following  granulation  grades 
was  used  for  preparation  of  the  samples:  100,  180,  320,  and 
close  to  M-7  (a  microgranular  powder).  The  particle-size 
characteristics  of  these  powders  are  given  in  Table  1. 

For  brevity,  synthetic  corundum  is  denoted  here  by  the  symbol  "K".  The  number  following  the  symbol 
represents  the  granulation  grade  of  the  original  powder.  Thus,  "batch  K-320"  represents  a  batch  based  on  syn¬ 
thetic  corundum  of  granulation  grade  320. 

Cylinders  of  diameter  and  height  20  mm  were  made  from  the  corundum  powders  with  additions  of  hydro¬ 
lyzed  ethyl  silicate  40  and  technical  paraffin  wax  as  plasticizer,  by  the  method  used  in  the  Sinoxal  process  [3]. 
The  cylinders  were  fired  at  two  different  temperatures  —  1250  and  1600*  —  and  their  acid  resistance,  mechanical 
(compressive)  strength,  and  certain  other  characteristics  were  determined  [4]. 

Acid  resistance  of  the  specimens  was  determined  by  alternate  heating  to  300*  and  cooling  in  sulfuric  acid 
(sp.gr.  1.84).  for  216  hours  (three  cycles  each  of  72  hours).  After  each  cycle  the  weight  loss  of  the  speclmenwas 
determined  (as  %  of  the  initial  weight). 

Four  batches  were  prepared  for  each  granulation  grade  of  the  corundum,  with  1,3,5  and  l<’lo  binder  calcu¬ 
lated  as  SIO2.  This  gave  16  different  batches,  the  composition  of  which  are  given  in  Table  2. 

Examination  of  specimens  fired  at  1250*  showed  that  many  of  them,  especially  those  made  from  coarse¬ 
grained  corundum,  differed  little  or  not  at  all  in  size  from  the  unfired  specimens,  and  therefore  shrinkage  (Ah) 


aqueous  alcohol  to  21.9^  SiOj  content. 
TABLE  1 

Particle-Size  Characteristics  of  Synthetic 
Corundum  Powders 


Granulation 

grade 

Particle  size  of  prin¬ 
cipal  fractions  (p) 

100 

105  -  180 

180 

42  -  105 

320 

7-53 

M-7 

3.5  -  7.4 
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was  not  determined  for  these.  The  mechanical  strength  of  the  specimens  was  low,  but  increased  with  decrease  of 
particle  size.  The  mechanical  strength  depends  on  the  amount  of  organosilicon  compound  introduced  into  the 
batch;  specimens  containing  3*70  SiOj  had  the  highest  mechanical  strength. 


TABLE  2 

Composition  of  Experimental  Batches  Made  From  Corundum  and  Hydrolyzed  Ethyl  Sili' 
cate 


Batch 

No. 

Granulation 

grade 

Corun¬ 
dum 
content 
(wt.  >) 

Amount  of 
binder  cal- 

§ic?  W** 

Batch 

No. 

Granulation 

grade 

Corun¬ 
dum 
content 
(wt.  %) 

Amount  of 
binder  cal¬ 
culated  as 
SiOx 

1 

100 

no 

1 

9 

320 

99 

1 

2 

1(K) 

07 

3 

10 

320 

97 

3 

3 

!00 

n.') 

.j 

11 

320 

95 

f) 

4 

100 

i)3 

7 

12 

320 

93 

7 

5 

180 

iiO 

1 

13 

M-7 

99 

1 

6 

180 

07 

3 

14 

\I-7 

97 

3 

7 

180 

Of) 

r> 

15 

M-7 

95 

fl 

8 

180 

03 

7 

IG 

M-7 

93 

7 

The  contact  area  between  the  individual  grains  in  the  experimental  batches  and  the  density  of  the  specimen, 
both  Increase  with  increased  dispersity  of  the  original  powder.  Naturally,  the  amount  of  binder  also  influences  this 
property.  Specimens  containing  3*70  Si02  also  had  the  highest  density.  The  mechanical  strength  and  density  of  the 
specimens  are  given  in  Table  3. 

TABLE  3 

Mechanical  Strength  OcompC^*'  l<g/cm*)  and  Density  y  (in  g/cc)  of  Speci¬ 
mens  Fired  at  1250* 

I  Properties  of  specimens  made  from: 


iiOt 

content 

%) 

k-KX) 

K-180 

K-320 

M-7 

®comp 

y 

Ocomp 

y 

Ocomp 

y 

Ocomp 

y 

1 

29 

2.03 

137 

2.14 

167 

2.18 

31 G 

2.23 

3 

4G 

2.11 

145 

2.19 

198 

2.20 

334 

2.2g 

39 

2.08 

129 

2.15 

1G3 

2.16 

320 

2.24 

7 

28 

2.0G 

118 

2.08 

144 

2.13 

242 

2.23 

TABLE  4 

Porosity  B  (<7o)  and  Water  Absorption  W  (<7o)  of  Specimens  Fired  at  1250* 


a 

Properties  of  specimens  from: 

M 

c 

o 

K-ioo 

K-180 

K'-^20 

M-7 

u 

li 

w 

B 

w 

u 

W 

U 

w 

1 

45.8 

22.4 

45.4 

22.9 

45.G 

22.5 

44.9 

22.4 

3 

45.3 

22.1 

45.1 

22.2 

45.0 

22.3 

44.3 

22.0 

5 

45.7 

22.2 

45.2 

22.5 

45.3 

22.4 

44.7 

22.1 

7 

45.3 

22.2 

45.2 

22.3 

45.7 

22.G 

44.8 

22.2 

The  porosity  and  hence  the  water  absorption  of  the  specimens  depended  in  the  same  manner  on  the  grain  size 
and  SiOj  content. 
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TABLE  5 


Porosity,  Water  Absorption,  and  Shrinkage  of  Specimens  Fired  at  1600* 


Granula¬ 

tion 

grade 

Batch  No 

WJ 

“TJ - 

00 

.3 

a 

O  ' 

1  ^ ! 
(1)  M 

ss-s 

Granula¬ 

tion 

grade 

Batch  No 

SiO, 

content 

00) 

Shrinkage 

00) 

Porosity 

00) 

Jis 

( 

1 

1 

0.3 

44.3 

22.1 

( 

9 

1 

2.9 

42.4 

18.3 

100  1 

2 

3 

0.6 

42.1 

19.0 

*^90  ! 

10 

3 

4.7 

41.3 

18.0 

3 

5 

0.5 

45.3 

21.9 

11 

5 

4.2 

41.8 

18.2 

1 

4 

7 

0.4 

44.8 

21.7 

1 

12 

7 

3.1 

42.2 

18.5 

( 

f) 

1 

0.9 

43.8 

19.9 

( 

13 

1 

8.0 

29.3 

10.7 

1<S0  1 

6 

3 

1.5 

42.0 

18.6 

M-7  1 

14 

3 

9.5 

28.2 

10.2 

7 

5 

1.4 

43.4 

19.8 

15 

5 

7.5 

28.4 

10.4 

1 

H 

7 

1.2 

42.8 

20.2 

1 

16 

7 

6.1 

29.1 

11.2 

Nevertheless,  the  absolute  values  of  all  these  parameters  varied  within  narrow  ranges  for  all  the  batches. 

The  results  of  porosity  and  water  absorption  determinations  are  given  in  Table  4. 

The  data  in  Tables  3  and  4  confirm  that  1250*  is  too  low  a  temperature  for  the  sintering  of  such  a  refractory 
material  as  corundum  with  such  a  high-melting  binder  as  SiOj.  As  a  result,  in  a  number  of  cases  the  specimens  dis¬ 
integrated  during  tests  for  acid  resistance.  No  clear  relationship  between  the  batch  composition  and  acid  resistance 
could  be  found  for  specimens  fired  at  the  lower  temperature. 

A  similar  set  of  specimens  was  then  fired  at  1600*. 


TABLE  6 

Mechanical  Strength  of  Specimens  Fired  at  1600* 


SlOj  con¬ 
tent  00) 

ocomp  (kg/cm»)  of  specimens  made  from 

K-ioo 

K-180 

K  320 

M-7 

1 

393 

439 

601 

2268 

3 

453 

468 

964 

2368 

5 

.374 

438 

88() 

16.5.) 

7 

320 

376 

648 

854 

TABLE  7 

Solubility  of  Specimens,  Fired  at  1600*,  in  Concentrated  H2S04by  Cycles 


Granula¬ 

tion 

grade 

Batch  No. 

SiOj 

Solubility  0o  of  original  weight) 

in  1st 
cycle 

in  2nd 
cycle 

In  3rd 
cycle 

in  all 
cycle 

( 

1 

1 

0.18 

0.58 

0.15 

0.91 

100  ) 

2 

.3 

3 

5 

0.09 

0.03 

0.33 

0.47 

0.09 

0.37 

0.51 

0.80 

1 

4 

7 

0.27 

0.45 

0.15 

0.87 

( 

5 

1 

0.32 

2.12 

_ 

2.44 

6 

3 

0  32 

0.79 

0.24 

1.35 

7 

r> 

0.14 

0.53 

0.08 

0.75 

1 

8 

7 

0.15 

0.43 

0.03 

0.61 

( 

9 

1 

0.38 

2.03 

0.38 

2.79 

10 

3 

0.20 

1.33 

0.16 

1.69 

*o^\f  / 

11 

5 

0.19 

0.98 

0.09 

1.26 

12 

7 

0.11 

1.08 

0.07 

1.26 

1 

13 

1 

0.31 

2.5K) 

1.11 

4.32 

\4  *7  i 

M-7 

14 

3 

0.53 

1.93 

1.02 

3.48 

15 

5 

0.53 

1.64 

0.63 

2.80 

t 

16 

7 

0.77 

1.27 

0.36 

2.40 
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Fig.  1.  Effects  of  different  amounts 
of  SiOj  (in  %)  on  the  density  (y  , 
curves  la-4a)and  shrinkage  (Ah, 
curves  1-4);  batches:  1  and  la)  K-lOO; 
2and2a)K-180;  3and  3a)  K-320: 

4  and  4a)  KM-7. 


R 


of  Si02(%)  on  solubility  R;  batches: 
1)  K-lOO;  2)  K-180:  3)  K-320; 

4)  KM-7 


/I 


Fig.  2.  Variations  of  solu¬ 
bility  R  (<7o)  with  treatment 
time  t  (hours)  for  K-180 
batches.  Si02  contents  (<7o): 
1)  1:  2)  3;  3)  5;  4)  7. 


Fig.  4.  Effects  of  different  amounts  of 
Si02  (*70)  on  solubility  R  water  ab¬ 
sorption  W  (<7o),  and  mechanical  strength 
Ocomp(*<g/cm*)  of  specimens  from 
K-lOO  bathes. 


Measurements  of  specimens  fired  at  1600"  showed  that  they  all  shrank,  the  shrinkage  increasing  with  the 
dispersity  of  the  original  powder.  Table  5  contains  shrinkage,  porosity,  and  water  absorption  data  for  the  speci¬ 
mens.  Batches  made  with  the  finest  powder  (M-7)  had  the  lowest  porosities  and  water  absorption,  and  the  greatest 
shrinkages. 

The  effects  of  different  amounts  of  Si02  on  density  and  shrinkage  are  shown  in  Fig.  1. 

It  follows  that  the  density  of  the  specimens  increases  with  increasing  dispersity  of  the  original  corundum, 
but  the  highest  in  all  cases  with  3%  Si02. 
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TABLE  8 

Solubilities  of  Specimens  with  Different  Binder  Contents 


Granu¬ 

lation 

grade 

Batch 

No. 

SIO2  content 

Solu¬ 

bility 

(%) 

Granu¬ 

lation 

grade 

Batch 

No. 

Si02  content 

Solu¬ 

bility 

ch 

°]o  by 
weight 

m 

tight 

g/m 

( 

1 

1 

0.777 

0.91 

I 

9 

1 

0.002 

2.79 

im  ! 

2 

3 

2.380 

0.51 

10 

3 

0.189 

2.29 

3 

5 

4.050 

0.80 

11 

5 

0.323 

1.69 

1 

4 

7 

5.790 

0.87 

1 

12 

7 

0.462 

1.26 

1 

T) 

1 

0.273 

2.44 

( 

13 

1 

0.032 

4.32 

6 

3 

0.837 

1.35 

VI  7 

14 

3 

0.097 

3.48 

7 

1.420 

0.75 

15 

5 

0.165 

2.80 

1 

S 

7 

2.040 

O.Gl 

10 

7 

0.235 

2.40 

These  results  are  also  consistent  with  the  values  of  the  mechanical  strength  of  the  specimens  (Table  6). 

The  higher  mechanical  strength  of  specimens,  containing  3<7o  Si02  is  apparently  no  accident:  if  the  amount 
of  organosilicon  polymer  introduced  into  the  batch  is  above  a  certain  optimum  value,  the  batch  has  a  high  content 
of  organic  matter  which  is  burned  out  during  firing,  so  that  the  specimens  have  higher  porosity,  with  lower  density 
and  mechanical  strength. 

The  results  of  the  tests  for  acid  resistance  are  given  in 
Table  7. 

The  data  in  Table  7  show  that  specimens  fired  at  1600* 
have  high  acid  resistance. 

During  the  first  cycle,  l.e.,  72  hours,  the  solubility  of  the 
specimens  is  slight,  varying  between  0.03%  and  0.77%  for  dif¬ 
ferent  batches.  In  the  second  cycle,  l.e.,  during  the  following 
72  hours,  the  solubility  of  all  the  specimens  increases  to  between 
0.33%  and  2.9%.  Finally,  during  the  third  cycle,  the  solubility 
decreases  again  and  lies  between  0.03%  and  1.11%;  thus,  the 
solubility,  after  reaching  a  certain  maximum,  may  fall  to  a 
negligible  value  (Fig.  2). 

It  follows  from  Fig.  3  that  materials  made  from  coarse¬ 
grained  corundum  have  the  lowest  solubility. 

Addition  of  Si02  decreases  solilbility,  and  thus  the  optimum 
Si02  content  (3%)  found  earlier  did  not  apply  to  acid  resistance. 
The  exception  was  the  K-lOO  series,  in  which  3%  Si02  gave  the 
best  values  for  all  the  characteristics  (Fig.  4).  One  of  us  had 
shown  earlier  that  the  properties  of  ceramic  materials,  for  a 
constant  weight  (%)  content  of  binder,  also  depend  on  the  amount 
of  binder  per  unit  surface  (in  g/cm*)  of  the  original  powder. 

Examination  of  Table  8  shows  that  a  similar  relationship  holds  for  acid  resistance. 

The  amount  of  Si02  (in  g/m*)  in  K-lOO  batch  containing  1%  Si02  by  weight  can  be  calculated  as  follows: 
if  the  specific  surface  of  K-lOO  is  130  cmVgf  then  the  total  surface  of  99  g  of  K-lOO  is  1.288  m*,  and  the  amount 
of  Si02  per  square  meter  is  0.777  g/m*. 

The  Si02  contents  in  g/m*  can  be  found  similarly  for  the  other  batches. 

Calculated  data  on  the  distribution  of  Si02  in  the  experimental  batches  are  given  in  Table  8. 

It  follows  from  these  data  that  different  amounts  of  binder  are  required  to  give  an  equal  distribution  of 
Si02  over  all  the  grains  for  corundum  powders  of  different  grain  sizes,  conversely,  if  equal  weights  of  SIO2  are 
added  to  powders  differing  in  grain  size,the  amount  of  binder  per  unit  surface  must  be  different. 


Fig.  5.  Distribution  of  (Si02)n binder 
A  (g/  m*)  per  unit  surface  S  for  dif¬ 
ferent  grain  sizes;  Si02  contents  (%): 
1)  7;  2)  5;  3)  3;  4)  1. 
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The  distribution  of  Si02  ^  given  percentage  content) 
as  a  function  of  specific  surface  is  given  in  Fig.  5. 

As  the  amount  of  binder  per  unit  surface  increase,  there 
is  a  definite  tendency  to  a  decrease  in  solubility.  This  may 
be  attributed  to  the  formation  of  aluminosilicates,  more  resist¬ 
ant  to  corrosive  media  than  corundum,  on  the  grain  surfaces; 
the  amount  of  aluminosilicates  increases  with  increase  of  the 
amount  of  binder  per  unit  surface  (A)  in  the  experimental 
batches. 

Figure  6  shows  variations  of  solubility  of  the  specimens 
with  the  distribution  of  binder  per  unit  surface  of  the  original 
batches.  The  slight  deviations  found  in  some  instances,  such 
as  the  higher  solubilities  of  batches  No.  3  and  No.  4,  as  com¬ 
pared  with  batch  No.  2,  may  be  due  to  accidental  causes. 


Fig.  6.  Solubility  R(<7o)  as  a  function  of  ,  , 

.  ,  ,  Thus,  the  porosity  of  the  material  increases  with  in- 

the  amount  of  binder  (Si02)n  per  unit  ....  ,  , 

-  ,  ,  ,  ,  .  ,  2.  creasing  grain  size  and  percentage  SiOj  content.  Therefore, 

surface  A  of  corundum  poweder  (g/ m).  ,  ,,  ,  , 

such  materials,  after  detailed  investigation  of  their  micro¬ 
structure,  may  be  recommended  for  the  production  of  highly  acid-resistant  filters.  It  must  be  remembered,  how¬ 
ever,  that  the  mechanical  properties  may  deteriorate  if  the  amount  of  organosilicon  polymer  added  to  the  batch 
is  greatly  increased.  Moreover,  the  acid  resistance  increases  only  up  to  a  definite  limit.  Therefore  for  produc¬ 
tion  of  dense  (nonfiltering)  acid-resistant  materials,  the  amount  of  additive  should  range  from  1.5  g  5102 
m*  to  5-7  g  Si02  per  m*  ,  as  such  additions  give  the  highest  densities  and  mechanical  strengths  together  with 
maximum  acid  resistance.  For  further  improvement  of  the  properties  of  such  materials,  finer  dispersion  of  the 
original  powders  or  increase  of  the  sintering  temperature  is  needed  rather  than  increase  of  the  Si02  content  in 
the  batch. 


SUMMARY 

1.  Materials  made  from  synthetic  corundum  have  the  best  physical  and  mechanical  properties  if  ethyl 
silicate  40  (37o  calculated  as  Si02)  is  added  to  the  batches. 

2.  The  effects  of  dispersity  of  synthetic  corundum  on  the  acid  resistance,  mechanical  strength,  and  other 
properties  of  materials  made  from  it  have  been  studied.  The  acid  resistance  depends  on  the  distribution  of  Si02 
per  unit  surface  of  the  original  corundum  powder.  For  high  acid  resistance,  the  amount  of  organosilicon  polymer 
added  should  be  the  equivalent  of  between  1.5  and  5-7  g  Si02  per  m*. 

3.  High-quality  acid-resistant  filter  materials  can  be  made  from  synthetic  corundum  with  addition  of 
ethyl  silicate  40;  filters  of  different  filtering  powers  can  be  made  by  variation  of  the  grain  size  of  the  original 
powders  and  percentage  contents  of  organosilicon  polymer. 
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KINETICS  OF  FORMATION  OF  NICKEL  CARBONYL  FROM 
AMMINE  SULFATE  SOLUTIONS 

G.  N.  Dobrokhotov 

Planning  and  Scientific  Research  Institute  of  the  Nickel, Cobalt  and 
Tin  Industry 


In  the  Weibel  and  Reppe  process  [1-4]  nickel  carbonyl  is  made  by  treatment  of  hexammine  nickel  chloride 
by  carbon  monoxide  under  pressure.  The  details  of  this  process,  which  is  represented  by  the  over-all  equation 

Ni(N  H3)cCl2  +  SCO  -f  2H2O  =  Ni(CO)4  -|-  2NH4CI  -|-  (N  114)2003  +  2N  H3, 
were  studied  by  Suzuki  et  al.  [5].  They  postulated  the  following  reaction  mechanism: 

|N'i(NU3)„lCl2  4  21120-*  Ni(OH)2  -f  2N  H4C1  +  4N' II3, 

Ni(0n)2  4  CO  Ni"  4  H2CO3, 

Ni”  l-4CO->Ni‘’(CO)4. 

According  to  Hieber  and  Bruck  [6],  the  formation  of  nickel  carbonyl  from  solution  proceeds  by  way  of  a 
soluble  and  unstable  Ni^  complex  with  subsequent  oxidation  of  CO  in  a  secondary  reaction 

2  lNi(N Il3)„p  4-  4C0  ->  |Ni(N  113),,)'+  4  NiO{CO)4  4  f,N  II3,  (3a) 

(Ni(N  113)0^  +  CO  4-  2011-  -4-  2N  U3  -*  lNi(N  113)0^  4  (N  114)2003.  (3b) 

They  confirmed  this  mechanism  by  the  preparation  of  different  stable  organic  Ni^  derivatives,  in  the  for¬ 
mation  of  which  the  carbonyl  yield  did  not  exceed  50‘7o. 

The  present  communication  contains  the  results  of  kinetic  studies  of  the  formation  of  nickel  carbonyl  from 
solutions  of  nickel  ammine  sulfate  complexes. 


(1) 


(2a) 

(2b) 

(2c) 


EXPERIMENTAL* 

Experimental  Procedure.  It  is  known  that  solutions  of  ammine  complexes  of  many  metals  [7]  are  liable 
to  undergo  hydrolysis: 

lMc(NIl3)„P  -l-rallaO:^  Mc(0II)2  4-(«  — 2)NH401!  -[-2N11+4,  (4) 

which  may  be  prevented  by  addition  of  ammonia  or  ammonium  salts.  Preliminary  experiments, in  which  nickel 
ammine  solutions  were  kept  for  prolonged  periods  at  constant  temperatures  up  to  200",  showed  that, in  the  case  of 
moderately  concentrated  solutions,  hydrolysis  may  be  completely  prevented  by  additions  of  1.0-1. 5  moles  of  am¬ 
monium  sulfate  per  liter.  Accordingly,  all  the  reduction  experiments  described  below  were  performed  with  solu¬ 
tions  containing  not  more  than  0.5  mole  of  nickel  per  liter  in  the  form  of  different  ammine  sulfates  (n  =  2,  4,  and 
6)  and  1.5  moles  of  ammonium  sulfate  per  liter. 


•With  the  assistance  of  N.  I.  Onuchkina. 
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A 


Fig.  1.  Effect  of  temperature  on  the  re¬ 
duction  rate  of  nickel  in  tetrammine  solu¬ 
tions  at  50  atmos  carbon  monoxide  pres¬ 
sure:  A)  nickel  content  (g/ liter);  B)time 
(hours);  temperature  (”C):  1)  140;  2)  150; 

3)  175;  4)  200;  reaction  rate  constant 
(hours"*);  1)  0.0543;  2)  0.0884;  3)  0.208; 

4)  0.472 

A 


Fig.  2.  Reduction  rate  of  nickel  in  tetram¬ 
mine  solutions  at  a  moderate  rate  of  stirring 
at  200°:  A)  nickel  content  (g/  liter);  B)time 
(hours);  carbon  monxide  pressure  (atmos): 

1)  46;  2)  66;  3)  86;  reaction  rate  constant 
at  the  end  of  reduction  (hours  *):  1)  0.46; 

2)  0.66;  3)  0.86. 


The  amine  solutions  were  treated  with  carbon  mon¬ 
oxide  in  autoclaves  of  the  Vishnevski!  [8]  and  Vasil'ev  [9] 
types.  The  first  of  these,  3.0  liters  in  capacity,  was  fitted 
with  a  high-speed  shaft  stirrer  which  gave  vigorous  mixing 
of  the  liquid  and  gas  at  Reynolds  number  Re  =  23000.  A 
condenser  for  collection  of  liquid  nickel  carbonyl  was  at¬ 
tached  to  the  autoclave.  The  second  autoclave,  1.5  liters 
in  capacity  and  without  a  condenser,  had  an  ordinary  propel¬ 
ler  stirrer  and  its  more  moderate  hydrodynamic  regime  [10] 
was  characterized  by  the  Reynolds  number  for  mixers  Rej^  = 

=  nd*  =  2.1  rev  mV  minute.  The  solution  temperatures  in 
the  autoclave  were  measured  by  means  of  mercury  thermom¬ 
eters  and  regulated  to  within  ±  2“.  The  reduction  rate 
of  nickel  was  determined  from  analysis  of  solution  samples 
taken  from  the  autoclaves. 

RESULTS  AND  DISCUSSION 

In  all  cases  when  treatment  of  solutions  by  carbon 
monoxide  was  accompanied  by  vigorous  agitation,  the  rate 
of  reduction  of  nickel  over  a  wide  range  of  nickel  and  am¬ 
monia  concentrations,  pressures,  and  temperatures  was  rep¬ 
resented  by  a  kinetic  equation  of  the  first  order 

/i:.x  =  ig-^.  (5) 

where  K  is  the  reaction  rate  constant  (in  hours  *),r  is  the 
reduction  time  (hours),  Cq  is  the  nickel  concentration  at  the 
start  of  the  experiment,  and  is  the  concentration  after 
time  r. 

Typical  results  of  some  reduction  experiments  are 
given  in  Fig.  1. 

At  a  moderate  stirring  rate  the  experimental  data 
were  represented  more  satisfactorily  by  an  equation  for  a 
fractional  reaction  order,  always  less  than  unity. 

The  results  of  some  experiments  of  this  series  are 
plotted  in  T“log  C  coordinates  in  Fig.  2. 

Here  the  reaction  conformed  to  a  first-order  equation 
only  at  low  nickel  concentrations  in  solution,  i.e.,  when  the 
consumption  of  carbon  monoxide  in  the  reduction  reaction 
was  low  even  with  moderate  stirring.  In  absence  of  mechani¬ 
cal  stirring  the  order  of  reaction  was  close  to  zero.  All  these 
observations  are  in  good  agreement  with  the  theory  of  hetero¬ 
genous  catalysis  [U],  according  to  which  transition  from  the 
kinetic  to  the  diffusion  region  should  be  accompanied  by  a 
decrease  of  one  unit  in  the  reaction  order,  while  intermedi¬ 
ate  fractional  values  correspond  to  a  mixed  diffusional-kine- 
tic  regime. 


Experimental  data  on  the  influence  of  temperature  with  vigorous  stirring  of  the  solution  are  given  in  Fig.  3. 


The  experimental  rate  constants  give  satisfactory  Arrhenius  plots.  Calculation  of  the  activation  energy  in 
experiments  at  carbon  monoxide  partial  pressures  of  50  and  75  atmos  gives; 
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(6) 


Data  on  the  influence  of  prenure,  determined  under  analogous  condltionss,  are  plotted  in  Fig.  4. 


A 


Fig.  3.  Effect  of  temperature  on  the 
reduction  rate  of  nickel  in  tetrammine 
solutions:  A)  K  (in  hours’^);  B)  1/T 
(t*  in^C):  carbon  monoxide  pressure 
(atmos):  1)  150}  2)  75. 


A 


Fig.  4.  Effect  of  caibon  monoxide  pres¬ 
sure  on  the  reduction  rate  of  nickel  In 
tetrammine  solutions:  A)  reaction  rate 
constant  (hours'^);  B)  partial  pressure 
of  carbon  monoxide  (atmos);  tempera¬ 
ture  CQ:  1)150}  2)  175}  3)  200. 


Rate  Constants  for  Reduction  of  Nickel  by  Carbon  Monoxide  from 
Tetrammine  Solutions  Containing  1.5  moles  Ammonium  Sulfate 
per  Liter  , 


Temperature 

CO 

Carbon  mon¬ 
oxide  pressure 
(atmos) 

Rate  constant 

K*  (hours"l) 

A.bsolute  rate 
constant  K4  ‘lO* 
[hours"!  •  atoms'*^ 

140 

50 

0.0543 

1.93 

140 

75 

0.0970 

2.30 

150 

50 

0.0884 

1.94 

150 

75 

0.143 

2.28 

160 

75 

0.205 

2.74 

175 

10 

0.028 

1.35 

175 

25 

0.102 

1.92 

175 

50 

0.208 

2.01 

175 

75 

0.398 

2.56 

175 

75 

0.335 

2.15 

200 

30 

0.315 

2.24 

200 

30 

0.572 

2.02 

200 

75 

0.800 

2.28 

Mean  . 

2.13 

In  contrast  to  the  results  obtained  in  autoclave  treatment  with  gaseous  oxygen  or  hydrogen,  described  previ¬ 
ously  [12, 13],  when  the  rate  of  the  process  is  proportional  to  /POj  or  VPHj,  a  simple  linear  relationship  holds 
for  reduction  by  carbon  monoxide.  Carbon  monoxide  has  the  properties  of  a  monomolecular  gas.  The  linear  rela¬ 
tionship  between  the  reaction  rate  and  the  pressure  shows  that  at  the  determining  stage  carbon  monoxide  reacts 
with  nickel  in  simple  (1 : 1)  stoichiometric  proportions. 


782 


A 
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Fig.  5.  Effect  of  pHon 
the  reduction  rate  of 
nickel  at  175“ and  50 
atmos  CO  pressure:  A) 
reaction  rate  constant 
(hours”^);  B)  pH. 


A 


Fig.  6.  Variation  of  the  reduction  rate 
of  nickel  with  the  NH3  concentration  at 
175“,  carbon  monoxide  pressure  50  atmos: 

A)  reaction  rate  constant  (hours”*); 

B)  number  of  moles  of  NH3  per  mole  of 
NISO4;  1)  direct  determination;  2)  cal¬ 
culated  values. 


Figure  5  shows  data  on  the  reduction  rate  as  a  function  of  pH.  The  results  show  that  changes  of  the  reduc¬ 
tion  rate  constant  are  proportional  to  twice  the  corresponding  changes  of  pH.  It  follows  that  the  Intermediate  ac¬ 
tive  complex  must  contain  two  OH”  groups  for  each  nickel  atom. 

Applying  the  theory  of  rate  processes  [14]  to  these  experimental  data,  we  have 
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=  A'*  •  C 


Nl’+  ‘  ^'(>11 
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and  for  tetrammlne  solutions  of  the  chosen  composition 


(h.  =-^4*  •  ^Ni’4-  ■  ^co 


(8) 


where  e  =  2.7183,  E  =  13700  cal/ mole,  and  R  =  1.987  cal/ degree  •  mole. 
Substitution  of  these  values  Into  Equation  (8)  and  Integration  gives 


iK- 


ilSL 

Cx  • 


(9) 


where  r  Is  the  reduction  time  (hours),  T  Is  the  temperature  (deg  K),  Is  the  CO  partial  pressure  (atmos),  K4  • 
Is  the  absolute  rate  of  reduction  In  tetrammlne  solutions  (hours”** atmos”*),  and  Cq  andC,.  are  the  Initial  and 
final  concentrations  of  nickel. 


Combining  Equations  (5)  and  (9)  we  have 


A'i 


A'  •  10 


,209«/r 


cn 


(10) 


A  summary  of  the  experimental  values  of  K4  and  calulated  values  of  K4*  Is  given  In  the  table. 
Substitution  of  the  mean  value  of  the  absolute  reaction  rate  K4*  =  2.13  *  10^  Into  Equation  (9)  gives 

i?2i-4.328 

10  ^  ,  c„ 

/>co 


(11) 
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Equation  (11)  unifies  the  experimental  data.  It  gives  the 
time  required  for  reduction  of  nickel  In  tetrammlne  solutions 
under  conditions  of  vigorous  mixing  of  the  liquid  and  gaseous 
phases. 

Various  calculated  and  experimental  values  of  Kj^  in  a 
number  of  other  experiments,performed  with  varying  ammonia 
contents  and  at  other  temperatures,  pressures,  and  stirring  rates, 
are  compared  graphically  in  Fig.  6. 

Direct  experimental  determinations  of  were  performed 
at  175“,  at  carbon  monoxide  partial  pressure  of  50  atmos  in  an 
autoclave  with  vigorous  stirring,  and  with  continuous  condensation 
of  the  nickel  carbonyl  formed.  The  experimental  values  of  Kjj 
are  represented  in  Fig.  6  by  black  circles.  Calculated  values  of 
Kji  were  obtained  with  the  aid  of  Equation  (10)  from  experimental 
values  of  Kj^  under  various  reduction  conditions.  These  are  rep¬ 
resented  in  Fig.  6  by  white  circles.  It  is  seen  that  the  calculated 
and  experimental  values  of  coincide  over  a  wide  range  of 
ammonia  concentrations  in  ammine  form.  It  follows  that  the  activation  energy  and  the  ammonia  content  in  the 
intermediate  active  complex  remain  virtually  constant.  The  nature  of  the  curve  in  Fig.  6  suggests  that  the  in¬ 
crease  in  the  reduction  rate  of  nickel,  with  increasing  ammonia  content  in  solutionis  mainly  attributable  to  in¬ 
crease  of  OH“  concentration,  due  to  the  general  buffer  properties  of  ammoniacal  solutions. 

The  agreement  between  the  experimental  values  of  K  found  in  experiments  with  condensation  of  nickel 
carbonyl  vapor  and  the  experimental  values,  determined  in  equipment  in  which  the  gas  phase  was  not  collected, 
shows  that  removal  of  the  formed  nickel  carbonyl  from  the  reaction  zone  is  not  a  determining  factor.  The  pres¬ 
ence  of  Ni(CO)4  influences  the  process  kinetics  only  in  so  far  as  the  presence  of  the  carbonyl  in  the  gas  phase 
lowers  the  partial  pressure  of  carbon  monoxide  in  the  system  as  a  whole. 

Data  on  the  effect  of  added  nickel  powder  are  presented  in  Fig.  7.  The  additive  was  prepared  by  treatment 
of  pure  nickel  powder  (99.99%  Ni)  with  hydrogen  at  300”  for  8  hours.  The  particle  size  was  100-71  fi. 

It  is  known  that  in  the  reduction  of  metals  Involving  metallic  surfaces,  the  magnitude  of  the  latter  has  a 
decisive  effect.  This  was  not  the  case  in  the  formation  of  nickel  carbonyl.  Thus,  none  of  the  stages  in  the  mech¬ 
anism  postulated  by  Suzuki  (Equations  2a-2c)  in  reality  determines  the  rate  of  this  process. 

SUMMARY 

1.  Reduction  of  nickel  from  ammine  sulfate  solutions  by  carbon  monoxide  is  a  complex  heterogeneous 
process  in  which  the  determining  stage  may  be  either  the  chemical  reaction  itself  or  the  diffusion  of  carbon  mon¬ 
oxide  into  the  solution.  With  Intensive  mixing  of  the  liquid  and  gas  (Re  >  20000)  the  system  becomes  kinetlcally 
homogeneous,  and  the  reduction  rate  can  be  formally  represented  by  a  first-order  equation.  With  moderate  stir¬ 
ring  the  process  is  of  a  mixed  dlffuslonal-kinetic  or  diffusional  character.  The  latter  corresponds  to  a  zero-order 
equation. 

2.  The  reduction  rate  increases  with  increase  of  OH“  concentration  in  solution,  the  change  of  rate  being 
proportional  to  double  the  change  of  pH.  It  follows  that  the  Intermediate  active  complex  must  contain  two  OH“ 
groups  per  nickel  atom.  Since  the  relationship  between  the  rate  and  the  partial  pressure  of  CO  is  linear,  it  follows 
that  a  nickel  atom  reacts  with  only  one  carbon  monoxide  molecule.  Removal  of  the  nickel  carbonyl  formed  from 
the  reaction  zone  is  not  a  determining  factor. 

3.  The  over-all  reaction  mechanism  consistent  with  all  the  above  facts  can  be  represented  by  the  following 
consecutive  stages. 

Stage  I  —  solution  of  gaseous  carbon  monoxide  in  the  aqueous  medium  (rapid): 

(’.Og:^COs. 


A 


Fig.  7.  Comparison  of  the  reduction 
rates  of  nickel  on  addition  of  nickel 
powder  at  200*,  carbon  monoxide  pres¬ 
sure  26  atmos:  A)  nickel  content 
(g/  liter):  B)  time  (hours);  dlammlne 
solutions  with  additions  of  nickel  pow¬ 
der  (g/  liter):  1)  no  addition;  2)  10; 

3)  33. 
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Stage  II  —  formation  of  nickel  carbonyl  (rapid): 


2INi(N  H3),)2+  -f  4COs  (Ni(N +  Ni(CO)4  +  «N  Wa¬ 
stage  III  —  formation  of  an  intermediate  active  complex  (rapid): 

(Ni(NH,)„r -f  2011-  r?:  (  Active  complex  1 
^  ^  llNi(NH3),14+.(OIl-)2ls 

Stage  IV  —  oxidation  of  carbon  monoxide  (slow): 

f  Active  complex  ) 

( (Ni(NH3)„14+  .  (on-)2)s~*”^^S-^l'^*('^*^*3)"-2P  +  (NH4)2C03. 

Stage  V—  decomposition  of  ammonium  carbonate  (rapid): 

I N i(N  n3)H_2l24- +  (N  114)2003:?  I Ni(NH3)„]»+  +  CO2+  H2O 
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METHODS  FOR  PRODUCTION  OF  ALUMINUM  HYDROXIDE 
AND  THE  DEFORMATION  AND  STRENGTH  CHARACTERISTICS 
OF  ITS  PASTES  IN  PETROLATUM 

A.  A.  Trapeznlkov  and  A.  M.  Tolmachev 
Institute  of  rtiyslcal  Chemistry,  Academy  of  Sciences,  USSR 


Aluminum  hydroxide  has  a  number  of  Industrial  uses;  In  particular  It  Is  one  of  the  pigments  used  In  printing 

Inks. 

The  purpose  of  the  present  Investigation  was  to  determine  the  Influence  of  precipitation  conditions  on  the 
structural  strength  and  transparency  of  aluminum  hydroxide  pastes  In  pure  medicinal  petrolatum,  free  from  the 
polar  Impurities,  which  greatly  Influence  particle  Interaction  In  pastes.  Since  In  the  Industrial  production  of  alu¬ 
minum  hydroxide  solutions  of  potash  alum  and  sodium  carbonate  are  used,  all  the  experiments  were  performed 
with  0.5  N  solutions  of  these  reagents. 

Two  methods  were  used  for  precipitation  of  the  hydroxide.  Method  I  consisted  of  gradual  addition  of  soda 
solution  to  2.0  liters  of  alum  solution  at  a  constant  rate  (20  ml/ minute)  to  a  definite  pH  value.  The  pH  was 
determined  continuously  by  the  potent lometrlc  method  with  a  glass  electrode.  Aluminum  hydroxide  made  by 
this  method  Is  not  uniform  In  chemical  composition,  dlsperslty,  and  adsorption  properties,  as  the  solution  pH  and 
concentration  change  continuously  during  the  precipitation.  For  preparation  of  the  hydroxide  under  uniform  con¬ 
ditions,  our  method  for  precipitation  of  the  hydroxide  at  a  constant  pH  throughout  the  process  [1]  was  used;  In 

this  method  the  precipitation  pH  Is  kept  constant  by  simultane¬ 
ous  addition  of  solutions  of  the  reagents  at  constant  rates  Into 
the  reaction  vessel;  this  was  effected  by  the  use  of  special 
•constant  level"  devices  (Method  II).  The  ratio  of  the  rates 
varied  In  different  experiments,  but  the  total  rate  was  40-45 
ml/ minute.  The  precipitation  lasted  90-100  minutes,  and  the 
pH  was  measured  continuously  throughout  the  process.  The 
precipitation  temperature  was  18-21*  In  both  methods. 

EXPERIMENTAL 

Three  series  of  aluminum  hydroxide  precipitates  were 
prepared  In  the  pH  range  of  4.0  to  9.0.  In  series  A  the  hydroxide 
was  prepared  by  Method  II.  The  precipitate  was  filtered  off  at 
once  on  a  Buchner  funnel  and  washed  on  the  funnel  with  distil¬ 
led  water.  Series  B  differed  from  series  A  In  that  the  precipi¬ 
tate  was  washed  by  decantation  and  filtered  after  that.  In  series 
C  the  hydroxide  was  prepared  by  Method  I.  The  precipitates 
were  washed  by  decantation  as  In  series  B.  In  all  the  series 
the  precipitates  after  filtration  were  dried  at  61*  to  constant 
weight,  ground  In  a  mortar,  and  conditioned  to  the  air-dry  state 
before  use. 
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Fig.  1.  Variations  of  the  moisture  con¬ 
tent  of  aluminum  hydroxide  powders  as 
a  function  of  precipitation  pH:  M)  mois¬ 
ture  content  (<7o),  N)  pH;  precipitation 
series  and  temperature  (*  C):  I)  A  and 
105;  II)  B  and  105;  III)  C  and  105; 

IV)  C  and  61. 
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TABLE  1 

Contents  of  SO4  Groups  in  Samples  of  Series  B  and  C  (%  by  weight  of  precipitates  dried 
at  105*) 


SO4 

group  contents  (wt  %)  at  pH 

4.5 

5.3 

6.0 

6.5 

7.0 

7.5 

r~ - - 

8.0 

Series  B 

29.42 

22.17 

12.70 

6.01 

- 

0.85 

0.64 

Series  C 

30.11 

22.02 

21.88 

18.92 

16.12 

! 

- 

10.91 

The  effects  of  precipitation  pH  on  the  moisture  contents  of  the  powders  and  the  particle  size  of  the  precip¬ 
itates  are  shown  in  Fig.  1  and  Fig.  2,  respectively.  Particle  size  was  determined  by  means  of  the  Figurovskli 
sedimentation  balance  [1]  directly  after  precipitates  in  series  B  had  been  washed  by  decantation.  Such  particles 
are  aggregates,  formed  as  the  result  of  partial  coagulation.  The  particle  sizes  found  agree  with  liter:  ,:ure  data  [3]. 

The  results  of  determinations  of  SO4  groups  in  the  hydroxide  precipitates  are  given  in  Table  1. 

Pastes  of  aluminum  hydroxide  in  petrolatum  were  prepared  by 
rubbing  on  a  glass  plate  by  means  of  a  special  pestle  (muller).  The 
petrolatum-hydroxide  ratio  was  varied  from  2:1  to  3:1,  according 
to  the  oil  capacity  of  the  precipitate,  to  give  pastesof  convenient 
consistency.  The  reproductibllity  of  the  properties  of  pastes  made 
by  different  mixings  was  within  ±  5%.  Paste  strength  was  determined 
by  means  of  a  tangentially  moved  riffled  plate  in  a  plane  gap  with 
riffled  walls  in  a  special  cell,  and  by  means  of  the  instrument  de¬ 
scribed  earlier.  The  results  are  presented  in  graphical  form  in  Fig.  3. 
The  deformation  of  these  pastes  is  almost  independent  of  time,  the 
pastes  do  not  exhibit  after-effects  either  during  loading  or  during 
unloading,  and  do  not  undergo  continuous  plastic  flow  before  the 
yield  value  is  reached  (Fig.  4);  i.e.,  they  behave  as  elasticobrittle 
bodies  under  these  conditions.  They  are  characterized  by  low  break¬ 
ing  shear  deformations  =  5  —  35‘7o,  according  to  the  concentration 
of  the  solid  phase  in  the  paste,  and  especially  low  elastic  deforma- 
by  subtraction  of  residual  from  total  deformations,  =  Cf  “  ^res* 

Curves  showing  variations  of  paste  strength  with  concentration  (Pj  —  C  curves)  are  given  in  Fig.  5. 

Figure  6  shows  variations  of  P^  with  pH  of  hydroxide  precipitation  for  series  A,  B,and  C,  with  C  =  28.7%.  The 
data  for  series  A  were  obtained  by  the  method  of  stepwise  loading,  and  for  series  B  and  C  by  loading  at  constant 
rate  (25-27  g/ cm* -second).  The  former  values  are  therefore  somewhat  higher  than  the  latter.  Special  control  ex¬ 
periments  in  which  Pj  was  determined  by  the  same  method  for  samples  of  Series  A  and  B  gave  roughly  the  same 
values  of  Pj,  in  the  region  of  precipitation  pH  where  the  course  of  the  P^  —  pH  curves  is  the  same  (at  pH<  6.5). Since 
the  only  difference  between  series  A  and  B  was  the  method  used  for  washing  the  precipitates,  the  influence  of  the 
following  on  the  thickening  properties  was  studied  separately:  a)  the  method  used  for  washing  the  precipitate 
(Table  2),  b)  the  settling  time  of  the  precipitate  before  separation,  when  washed  by  decantation  (Table  3),  and 
c)  treatment  of  precipitates  obtained  at  pH  “  5.75  (series  A)  by  solutions  of  different  pH  (Table  4).  In  cases  “a" 
and  "b"  Pj  was  measured  at  constant  rate  of  load,  and  in  case  "c"  it  was  measured  by  stepwise  loading. 

The  curves  in  Fig.  7  show  variations  of  paste  transparency  (  D  =  '|-  )  with  the  pH  of  hydroxide  precipitation. 

The  transparency  of  the  pastes,  which  were  applied  in  layers  1  mm  thick  onto  special  glass  plates,  was  measured 
relatively  to  a  standard  mat  plate  by  means  of  the  Pulfrich  photometer. 

DISCUSSION  OF  RESULTS 

The  conditions  and  methods  used  in  preparation  of  aluminum  hydroxide  have  a  strong  influence  on  the  prop¬ 
erties  of  its  pastes  in  petrolatum.  Both  the  precipitation  pH  and  the  subsequent  treatment  of  the  precipitate  are 


M 


Fig.  2.  Variation  of  particle  size 
after  coagulation  by  washing,  as  a 
function  of  precipitation  pH:  M) 
particle  radius  ( fi);  N)  pH. 

tions  Cem  *'*2.0%  (at  C  =  33.3%)  found 
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Fig.  3.  Curves  showing  variations  of  the  relative  shear  deforma¬ 
tion  €  with  the  shearing  stress  P  for  pastes  of  different  concentra¬ 
tions  made  from  aluminum  hydroxide  precipitated  at  pH  =  5.0 
in  series  A;  paste  concentrations  (7o):  I)  23.6;  11)26.6;  111)28.7; 
IV)  33.3. 


Fig.  4.  Stepwise  loading-unloading  curve 
for  a  paste  (C  =  33.3%)  made  from  alumi¬ 
num  hydroxide  precipitated  at  pH  =  5.0  in 
series  A. 


important  factors,  which  may  lead  to  changes  in  the  composi¬ 
tion,  degree  of  dispersion,  and  surface  character  of  the  parti¬ 
cles,  which  determine  their  interaction  in  the  oil  medium  and 
the  mechanical  properties  of  the  pastes. 

The  curves  in  Fig.  6  show  that  with  the  two  precipita¬ 
tion  methods,  the  best  thickening  properties  are  found  for 
aluminum  hydroxide  precipitated  in  the  pH  range  between 
5.0  and  8.0.  In  the  former  case  (series  C),  there  is  a  fairly 
sharp  maximum  at  pH  =  6.5,  i.e.,  at  the  isoelectric  point. 

For  the  method  of  precipitation  at  constant  pH  (series  A  and 
B),  the  curve  has  three  maxima,  at  pH  values  of  5.3,  6.5,  and 
8.0.  In  this  case  the  course  of  the  curve  greatly  depends  on 
the  method  used  for  washing  the  precipitate;  with  inadequate 
washing  (in  the  filter)  the  curve  (Fig.  5,  curve  1)  descends 
sharply  at  pH  >  6.5,  and  therefore  the  maximum  at  pH  = 

=  8.0  is  absent  altogether.  The  weak  thickening  properties 
in  the  acid  and  alkaline  regions  (pH  <  5.0  and  >  8.0)  are 
evidently  associated  with  pronounced  peptization  and  stabili¬ 
zation  of  the  particles  in  the  aqueous  medium.  This  results 


in  the  formation  of  dense  precipitates  in  which  fine  particles  fill  the  interstices  between  coarse  ones.  As  a  result, 
when  the  precipitate  is  dried,  it  undergoes  sintering,  which  is  so  extensive  in  precipitates  formed  in  the  acid  re¬ 
gion  that  a  continuous  monolithic  structure  is  formed,  which  is  very  difficult  to  grind.  A  similar  effect  is  found 
in  the  alkaline  region.  Apparently  it  is  the  presence  of  a  stabilized  fine  fraction  which  determines  the  very  strong 
influence  of  washing  of  the  precipitate,  when  this  fine  fraction  is  washed  out  together  with  the  electrolytes  (Table  2). 
When  the  precipitate  is  washed  on  the  filter,  this  fraction  is  washed  out  to  a  considerably  smaller  extent,  and  the 
paste  strengths  are  therefore  also  much  lower.  The  influence  of  the  fine  fraction  is  also  confirmed  by  the  fact 
that  Pf  depends  strongly  on  the  sedimentation  time  of  the  precipitate  when  it  is  washed  by  decantation  (Table  3). 

Particle  coagulation,  which  leads  to  the  formation  of  loose  bulky  precipitates,  which  consist  of  fine  and 
relatively  isolated  particles  and  which  can  subsequently  be  easily  crumbled,  favors  good  thickening  in  the 
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Fig.  5.  Variation  of  strength  of  alumi¬ 
num  hydroxide  pastes  with  concentration, 
series  A;  M)  strength  Pj  (g/cm*);  N)wt. 
ratio  of  oil  to  hydroxide. 

Pr 


Fig,  6.  Variation  of  paste  strength  with 
pH  of  hydroxide  precipitation  (C  =  28.7): 
I)  series  A;  II)  series  B;  III)  series  C. 

TABLE  2 


hydrocarbon  medium.  Therefore  the  surface  properties  of  the 
particles  which  determine  coagulation,  also  determine  their 
thickening  properties  to  a  considerable  degree.  Moreover, 
the  surface  properties  of  the  particles  may  also  influence  their 
Interaction  in  the  oil  medium,  either  weakening  or  intensifying 
it.  Thus,  an  excess  of  adsorbed  ions  may  lead  to  particle  repul¬ 
sion.  The  role  of  surface  properties  of  particles  has  been  noted 
in  relation  to  silica  gel  [4].  In  additional  treatment  of  alumi¬ 
num  hydroxide  precipitates  by  solutions  at  pH  values  differing 
from  the  precipitation  pH,  it  is  seen  (Table  4)  that  can  only 
decrease,  whereas  curve  I  in  Fig.  6  suggests  that  Pj  should  in¬ 
crease  in  the  transition  from  pH  =  5.75  to  pH  =  5.0.  This  shows 
that  the  thickening  properties  of  the  hydroxide  are  determined 
not  only  by  the  surface  properties  of  the  particles,  which  should 
be  the  same  with  equal  final  pH  values,  but  also  by  the  original 
structure  and  composition  of  the  particles. 

The  particle  size,  and  the  packing  density  of  the  particles 
in  formation  of  the  precipitate  in  an  aqueous  medium,  which 
determine  the  active  surface  of  the  particles,  also  influence 
their  moisture  content.  Possibly  this  accounts  for  the  similar 
course  of  the  curves  for  moisture  contents  of  the  powders  (Fig. 

2)  and  paste  strength  as  functions  of  the  hydroxide  precipita¬ 
tion  pH.  The  complex  course  of  the  Pj  “  pH  curve  for  the 
hydroxide  precipitated  by  Method  II,  is  probably  associated 
to  a  greater  extent  with  the  composition  of  the  precipitate 
and  changes  in  its  structure  than  the  course  of  the  curve  for 
the  hydroxide  precipitated  by  the  "direct"  method.  Powder 
x-ray  patterns  of  samples  from  series  A  and  B  show  that  at  pre¬ 
cipitation  pH  of  4.5  and  5.3,  there  are  virtually  no  interference 
lines,  whereas  patterns  of  samples  precipitated  at  pH  6.5  and  8.0 
show  quite  distinct  lines.  These  results  are  in  agreement  with 
Weiser's  data  [5];  Weiser  also  found  that  hydroxide  precipitated 
by  the  "direct"  method  from  AICI3  and  A1(N03)3  solutions  have 
much  more  pronounced  crystallinity  that  those  precipitated 
from  Al2(S04)3  solutions.  It  follows  that  crystallization  of  the 
precipitate  is  hindered  by  the  presence  of  large  amounts  of 
sparingly  soluble  basic  sulfates  (Table  1,  also  [1]).  The  more 
distinct  crystallinity  of  precipitates  at  higher  values  of  pre¬ 
cipitation  pH  are  probably  the  consequence  of  decomposition  of 
basic  salts  and  formation  of  the  hydroxide  which  cai\  moreover, 
undergo  further  hydrational  and  structural  changes  [5]. 


Effect  of  Washing  Method  on  Paste  Strength 


Paste  strength  (g/ cm*) 

Precipitation  method 

Washing  method 

not  washed 

two  washings 

to  negative  re¬ 
action  for  S05 

At  constant  pH  =  8.0 

by  decantation 

29.0 

- 

152.0 

At  constant  pH  =  8.0 

on  the  funnel 

29.0 

— 

87.8 

At  constant  pH  =  5.75 

by  decantation 

96.0 

127 

140.0 

At  constant  pH  =  5.75 

j 

on  the  funnel 

96.0 

- 

139.3 
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Fig.  7.  Effect  of  pH  of  hydroxide  precipitation  (C  =  28.7%) 
on  the  relative  paste  transparency  D:  1)  series  B;  2) series  C. 


The  very  fine  particles  precipitated  at  pH  5.3  coagulate  during  the  washing  process;  this  follows  from  the 
maximum  particle  radius  found  for  this  precipitate  after  it  had  been  washed  with  water  (Figs.  3  and  4).  These 
two  factors  —  the  small  particle  size  and  the  formation  of  loose  coagulated  precipitate  from  such  particles  —  ac¬ 
count  for  the  greatest  height  of  the  maximum  found  for  pH  5.3  (in  the  constant-pH  method).  The  decrease  of  Pj 
with  increase  of  pH  may  be  attributed  to  decomposition  of  the  basic  salt  and  increasing  crystallinity  of  the  par¬ 
ticles  accompanied  by  a  decrease  of  their  dispersity.  Near  to  pH  =  6.5  coagulation  begins  to  accelerate  and  the 
particle  aggregates  become  larger  again;  this,  in  turn,  favors  the  formation  of  a  loose  structure.  A  similar  process 
occurs  at  pH  =  8.0;  the  third  maximum  on  the  —  pH  curve  is  due  to  this.  However,  the  causes  of  three  maxima 


TABLE  3 

Effect  of  Settling  Time  on  Paste  Strength 


Settling  time  (minutes) 

10 

30 

90 

Strength  Pj.  (g/  cm*) 

85 

104.4 

57 

of  particle  coagulation  are  not  yet  clear.  Since  these  coagulation  maxima  are  found  only  for  washed  precipitates 
and,  as  special  experiments  showed,  do  not  occur  with  mother  liquors,  it  seems  likely  that  they  depend  on  a  com¬ 
plex  and  prolonged  process  of  desorption  of  ions  from  the  particles  during  the  washing,  and  may  also  be  caused  by 
decomposition  of  basic  salts  in  the  particle  surface  layers.  The  difference  between  the  course  of  the  Pj  —  pH  curves 
for  the  "direct "method  and  for  the  constant  pH  method  may  be  attributed  to  differences  in  the  precipitate  com¬ 
pos  ition. 

It  is  clear  from  Table  1  that  precipitates  prepared  by  the  "direct"  method  have  much  higher  contents  of 
basic  salt  than  precipitates  made  at  constant  pH.  Accordingly,  the  former  are  much  more  difficult  to  wash  than 
the  latter,  and  even  washing  of  such  precipitates  by  decantation  is  insufficient  to  cause  coagulation  and  prevent 
their  sintering  when  dried.  This  may  be  the  explanation  for  the  low  values  of  Pj  found  for  pastes  made  from  pre¬ 
cipitates  prepared  by  the  "direct"  method  at  pH  <  6.0  and  pH  >  7.0.  Rapid  coagulation  occurs  only  in  the  pH 
region  close  to  the  isoelectric  point  (pH  <  7.0  and  >  6.0),  and  this  leads  to  maximum  values  of  Pj.  In  this  case 
coagulation  already  occurs  in  the  mother  liquor  (pH  =  6.5)  and  is  intensified  during  the  washing. 

An  interesting  fact  is  that  paste  transparancy  (Fig.  6)  shows  approximately  parallel  variations  with  the  SO4 
group  content  of  the  precipitate  and  the  paste  strength  (especially  in  the  constant-pH  method).  At  pH  >  5.3  paste 
transparency  is  higher  for  precipitates  made  by  the  "direct"  method;  this  corresponds  to  a  higher  SO4  group  content. 
However,  there  is  no  doubt  that  the  SO4  group  content  is  not  the  sole  significant  factor,  as  the  precipitate  formed 
at  pH  4.5  yields  a  less  transparent  paste  than  the  precipitate  formed  at  pH  5.3,  despite  the  fact  that  the  former  has 
the  higher  SO4  group  content.  It  seems  that  the  principal  factors  in  paste  transparency  are  the  dispersity  of  the 
particles  and  their  weak  crystallinity,  confirmed  by  the  x-ray  patterns. 
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TABLE  4 


Effect  of  Solution  pH  on  Paste  Strength 


Treatment  pH 

Strength  (g/cm*)  after  treatment  time  (hours) 

0 

0.5 

1.5 

3.0 

4.0 

22.0 

1 

4.60* 

- 

102 

88 

- 

79 

5.10* 

- 

136 

- 

94 

- 

81 

5.75 

200 

- 

- 

- 

- 

- 

7.0* 

- 

153 

152 

- 

148 

148 

8.50* 

- 

121 

120 

- 

119 

- 

8.50* 

- 

113 

- 

107 

- 

80 

•  These  pH  values  were  obtained  by  additions  of  appropriate  amounts  of  soda  or  sulfuric  acid 
to  the  mother  liquor  at  the  end  of  the  precipitation. 


SUMMARY 

1.  A  new  method  is  described  for  precipitation  of  aluminum  hydroxide  at  constant  pH  throughout  the 
process;  this  method  gives  aluminum  hydroxide  precipitates  of  uniform  composition  and  properties. 

2.  The  effects  of  the  precipitation  pH  of  aluminum  hydroxide  on  the  structural  strength  and  transparency 
of  its  pastes  in  petroleum  have  been  studied.  It  is  shown  that  the  thickening  properties  of  aluminum  hydroxide  pre¬ 
cipitates  pass  through  a  series  of  maxima  with  variation  of  the  precipitation  pH;  these  maxima  are  associated  with 
particle  coagulation  and  cohesion  in  the  aqueous  medium  and  during  drying.  For  the  same  reasons  the  method 
used  for  washing  the  aluminum  hydroxide  precipitates  has  a  strong  Influence  on  the  thickening  properties.  It  was 
found  that  pastes  made  from  precipitates  prepared  in  the  acid  region  (pH  =  5.3)  have  the  highest  transparency. 

3.  Aluminum  hydroxide  pastes  in  petrolatum  do  not  exhibit  after-effects  or  flow  up  to  the  yield  value, 
and  behave  like  elasticobrittle  bodies  in  this  region. 
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EFFECTS  OF  HYDRODYNAMIC  FACTORS  ON  THE  CARBONATION 
OF  AMMONIACAL  BRINES  IN  GAS  LIFT  EQUIPMENT* 

G.  N.  Gasyuk,  A.  G.  Bol'shakov,  A.  V.  Kortnev,  and 
P.  Ya.  Kratnii 


The  previous  communication  [1]  contained  results  of  a  study  of  the  dependence  ofthe  carbonation  process 
on  the  concentration  of  carbon  dioxide  In  the  Incoming  gas  and  on  the  temperature.  It  was  found  that  the  over¬ 
all  mass-transfer  coefficient  Is  Independent  of  the  carbon  dioxide  concentration  In  the  Incoming  gas,  while  the 
conversion  rate  Is  directly  proportional  to  the  carbon  dioxide  concentration. 

The  relationship  between  the  over-all  absorption  coefficient  and  the  temperature  Is  represented  by  an  ex¬ 
ponential  equation  of  the  form 


Kg 


a  = 


r'  0.0288  < 

I  e  , 


where  t  Is  the  temperature. 

The  relationship  between  the  conversion  rate  and  temperature  Is  represented  by  the  power  expression 

The  present  communication  contains  the  results  of  a  study  of  the  Influence  of  the  liquid  and  gas  rates  on  the 
carbonation  process.  The  experiments  were  performed  in  an  experimental  gas-lift  unit  described  previously  [2]. 
The  liquid  and  gas  rates  and  immersion  depth  in  gas  lifts  (without  account  being  taken  of  the  physical  properties 
of  the  liquid  and  gas)  are  Interconnected,  l.e., 

L  =  i{V,  h),  r=<p(L.  h),  h  =  l{L,  V), 

where  L  is  the  liquid  rate,  V  is  the  gas  rate,  and  h  is  the  immersion  depth. 

Therefore,  investigations  of  the  effects  of  any  one  of  these  factors  on  mass  transfer  in  gas  lifts  must  be 
conducted  in  such  a  manner  as  to  allow  appropriate  substitution  of  the  variables.  Otherwise  the  influence  of  these 
factors  on  mass  transfer  cannot  be  conclusively  established. 

Effect  of  the  Liquid  Rate  On  the  Carbonation  Process 

The  liquid  rate  in  a  gas  lift  can  be  varied  in  tow  ways:  1)  by  variation  of  the  immersion  depth  at  constant 
gas  rate,  2)  by  variation  of  the  gas  rate  at  constant  immersion  depth. 

In  this  investigation  we  consider  the  influence  of  liquid  rate  on  the  over-all  absorption  coefficient  and  con¬ 
version  rate  for  these  two  cases. 


•  Communication  2. 
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Hig.  1.  Effect  of  volumetric  liquid  rate  at  constant 
gas  rate  on  the  over-all  coefficient  of  absorption  of 
carbon  dioxide  in  ammoniacal  chloride  brine: 

A)  over-all  absorption  coefficientf-i . - ] 

^  'm’.atrnos'hour/ 

m* 

B)  volumetric  liquid  rate  ^  hour) ' 


2;  2)  No.  6, 


Two  series  of  experiments  were  performed  at 
variable  liquid  rate  with  variations  of  imme^^sion  depth 
at  constant  gas  rate.  Tlie  experimental  temperature 
was  30",  and  in  investigations  of  the  absorption  of  car¬ 
bon  dioxide  in  No.  2  brine  (  the  brine  compositions  are 
given  in  the  preceding  paper  [1])  the  gas  rate  was  main¬ 
tained  constant  at  about  5650  mV  m**  hour,  and  the  car¬ 
bon  dioxide  concentration  in  the  incoming  gas  was 
36-37%;  for  brine  No.  6  the  corresponding  values  were 
5800  mV  m*' hour  and  37-38%,  respectively.  The 
liquid  rate  was  varied  over  approximately  a  9.5-fold 
range  (from  42  to  397  mV hour),  and  the  immersion 
depth  was  accordingly  varied  from  7  to  30%. 

In  Fig.  1  the  values  found  for  the  over-all  ab¬ 
sorption  coefficients  are  plotted  against  the  liquid  rate 
in  logarithmic  coordinates. 

The  experimental  points  fit  on  straight  lines, 
which  can  be  represented  by  the  following  power  equa¬ 
tion: 


Kq  a  = 


(1) 


The  effect  of  liquid  rate  on  conversion  rate  is 
plotted  in  Fig.  2.  The  straight  lines  drawn  through 
the  points  can  be  represented  by  the  equation: 


u  =  Fi: 


(2) 


Fig.  2.  Effect  of  volumetric  liquid  rate  at  constant 
gas  rate  on  the  conversion  rate  of  carbon  dioxide  in 
ammoniacal  chloride  brine:  A)  conversion  rate 
’1^-10'“ 


Vm®  •  hour/’ 


B)  volumeyric  liquid  rate 


The  small  difference  between  the  power  in  Equa¬ 
tions  (1)  and  (2)  is  caused  by  the  fact  that  the  total 
pressure  of  the  carbonation  gas  at  entry  increases  with 
increase  of  the  liquid  rate  and  therefore  the  partial 
pressure  of  carbon  dioxide,  at  constant  concentration 
in  the  incoming  gas,  increases;  as  was  shown  earlier 
[1],  the  over-all  absorption  coefficient  is  independent 
of  the  carbon  dioxide  concentration  and  hence  of  the 
partial  pressure.  The  conversion  rate,  however,  is 
proportional  to  the  partial  pressure,  i.e.,  the  relation¬ 
ship  found  for  the  conversion  rate  in  a  sense  takes  into 
account  the  increase  of  the  total  pressure  of  the  car¬ 
bonation  gas  with  increase  of  liquid  rate,  and  is  valid 
for  absorption  of  carbon  dioxide  from  a  gas  with  constant  concentration  of  the  absorbed  component. 


^m"  •  hour/ 
brines:  1)  No.  2;  2)  No.  6. 


It  follows  from  Equations  (1)  and  (2)  that  increase  of  the  liquid  rate  results  in  small  increases  of  the  over¬ 
all  absorption  coefficient  and  conversion  rate  (with  a  9.5-fold  increase  of  the  liquid  rate  the  absorption  coeffi¬ 
cient  is  increased  only  1.5 -fold).  The  explanation  is  that  the  immersion  depth  increases  with  increase  of  liquid  rate 
at  constant  gas  rate.  The  diffusional  resistance  of  the  liquid  phase  increases  with  depth  of  immersion  [2],  and  it 
has  been  shown  [1]  that  in  the  carbonation  process  the  main  resistance  to  absorption  is  concentrated  in  the  liquid 
phase.  Therefore  the  negative  influence  of  changes  in  the  immersion  depth  is  superposed  on  the  postive  influence 
of  changes  in  the  liquid  rate. 
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Fig.  3.  Effect  of  volumetric  liquid  rate  at 
constant  immersion  depth  on  the  over-all 
coefficient  of  absorption  of  carbon  dioxide 
by  ammoniacal  chloride  brines  of  different 
ammonia  contents:  A)  over-all  absorption 

coefficient  ( — §  — T — B)  volumet- 

\m  •  atmos  •  hour/ 

ric  liquid  rate  I — 5-7 — );  brines:  1)  No.  1; 
\m  •  hour/ 

2)  No.  2;  3)  No.  3;  4)  No.  4. 


In  studies  with  variations  of  the  liquid  rate  at  con¬ 
stant  immersion  depth, 8  series  of  experiments  were  per¬ 
formed  in  order  to  eliminate  possible  experimental  errors 
and  to  elucidate  the  influence  of  the  initial  ammonia  con¬ 
centration  in  the  brine  and  of  the  degree  of  carbonation  on 
the  over-all  absorption  coefficient  and  conversion  rate. 

Four  of  the  series  were  with  brines  of  different  Initial  am¬ 
monia  contents  (brines  Nos.  1-4),  and  four  were  brines  of 
different  degress  of  carbonation  (Nos.  5-8). 

All  the  experiments  were  performed  at  30",  20^0  im¬ 
mersion  depth,  with  37-38*70  carbon  dioxide  in  the  incom¬ 
ing  gas.  The  gas  and  liquid  rates  were  varied  over  wide 
ranges. 

The  variations  of  the  over-all  absorption  coefficient 
with  the  liquid  rate  are  plotted  in  logarithmic  coordinates 
in  Figs.  3  and  4.  Figure  3  shows  variations  of  tlv*  over-all 
absorption  coefficient  with  the  liquid  rate  for  brines  of 
different  ammonia  contents  (brines  Nos.  1-4),  and  Fig.  4, 
for  brines  of  different  degrees  of  carbonation  (brines  Nos. 

5-7). 

It  is  clear  from  Figs.  3  and  4  that  the  points,  represent¬ 
ing  the  over-all  absorption  coefficients  for  all  the  brines 
studied,  fit  on  straight  lines,  which  can  be  described  by  the 
following  power  equation: 

Kq  a  =  EL^-^\  (3) 

The  value  found  for  the  exponent  (0.93)  in  the  rela¬ 
tionship  between  the  over-all  coefficient  of  absorption  of  COj. 


Fig.  4.  Effect  of  volumetric  liquid  rate  at  constant  immersion 
depth  on  the  coefficient  of  absorption  of  carbon  dioxide  by  am¬ 
moniacal  chloride  brines  of  different  degrees  of  carbonation: 

i<g_'10‘ 


.-1 


A)  over-all  absorption  coefficient  (■ 


\m  *  atmos  ‘hour 


B)  volu¬ 


metric  liquid  rate 
4)  No.  8. 


m  •  hour/ 


•;  brines:  1)  No.  5;  2)  No.  6;  3)  No.  7; 
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Fig.  5.  Effect  of  volumetric  liquid  rate  at  constant 
immersion  depth  on  the  conversion  rate  of  carbon  di¬ 
oxide  in  brines  of  different  ammonia  contents: 

A)  conversion  rate  B)  volumetric  liquid 

\m  -hour/ 

rate  ( — 1-7 — V,  brines:  1)  No.  1;  2)  No.  2;  3)  No.  3; 

\m  •hour/ 

4)  No.  4. 

at  variable  liquid  rate  and  constant  Immersion  depth,  2) 
able  immersion  depth. 


by  ammoniacal  chloride  brines  and  the  liquid  rate 
at  constant  Immersion  depth  is  very  close  to  the 
value  found  for  the  exponent  (0.91)  in  the  relation¬ 
ship  between  the  liquid-phase  mass-transfer  coef¬ 
ficient  and  the  liquid  rate  [2].  Since  the  same 
apparatus  and  the  same  hydrodynamic  conditions 
were  used  in  determinations  of  the  over-all  coef¬ 
ficients  of  absorption  of  carbon  dioxide  by  am¬ 
moniacal  chloride  brines  and  in  determinations  of 
the  liquid-phase  transfer  coefficients,  the  fact  that 
the  exponents  are  almost  equal  is  convincing  proof 
that  the  liquid  phase  has  the  main  influence  in 
carbonation  of  ammoniacal  brines. 

The  effects  of  liquid  rate  on  the  conversion 
rate  are  plotted  in  Figs.  5  and  6.  The  straight  lines 
drawn  through  the  points  for  the  conversion  rate  can 
be  represented  by  tlie  equation 

(4) 

Effect  of  Gas  Rate  on  the  Carbonation 
Process . 

As  in  studies  of  the  effect  of  the  liquid  rate, 
in  studies  of  the  effects  of  the  gas  rate  on  the  over¬ 
all  absorption  coefficient  and  conversion  rate,  two 
cases  must  be  considered:  1)  variation  of  gas  rate 
variation  of  gas  rate  at  constant  liquid  rate  and  varl- 


Fig.  6.  Effect  of  volumetric  liquid  rate  at  constant  immersion 
depth  on  the  conversion  rate  of  carbon  dioxide  in  brines  of  dif- 

/^kR.10"*\ 

ferent  degrees  of  carbonation:  A)  conversion  rate 


B)  volumetric  liquid  rate 
3)  No.  7;  4)  No.  8. 


V^m  •hour/ 


hour  /’ 

brines:  1)  No.  5;  2)  No.  6; 


The  relationship  between  the  over-all  absorption  coefficient  and  the  gas  rate  at  variable  liquid  rate  and 
constant  immersion  depth  for  brines  with  different  initial  ammonia  contents  (brines  Nos.  1-4)  is  plotted  in  Fig.  7, 
and  for  brines  of  different  degrees  of  carbonation,  in  Fig.  8. 
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Fig.  7.  Effect  of  volumetric  gas  rate  at  constant 
immersion  depth  on  the  coefficient  of  absorption 
of  carbon  dioxide  by  brines  of  different  ammonia 
contents:  A)  over- all  absorption  c.oefficient 

B)  volumetric  gas  ratel 
atmos  •  houry  ° 

brines:  1)  No.  1;  2)  No.  2;  3)  No.  3;  4)  No.  4. 


mMo~^ 

pi  -hour/ 


The  relationship  between  the  over-all  absorption 
coefficient  and  the  gas  rate  (Figs.  7  and  8)  can  be  re¬ 
presented  by  the  equation: 

Kq  a  =  (5) 

This  relationship  may  seem  paradoxical,  as  it 
was  noted  earlier  [1]  that  in  carbonation  processes 
(at  least  within  the  ranges  studied)  the  diffusional 
resistance  to  absorption  is  mainly  concentrated  in  the 
liquid  phase  (numerous  investigators  have  shown  that 
the  liquid-phase  partial  coefficient  of  absorption  is 
independent  of  the  gas  rate).  In  the  present  instance 
the  liquid  rate  in  the  gas  lift  changes  with  variations 
of  the  gas  rate  at  constant  immersion  depth.  This 
variation  of  the  liquid  rate  is  what  influences  the 
over- all  absorption  coefficient,  i.e.,  in  this  case  the 
gas  rate  Influences  the  over-all  absorption  coefficient 
because  the  liquid  rate  at  a  given  immersion  depth 
depnds  on  the  gas  rate. 

Figure  9  shows  the  effect  of  the  gas  rate  on  the 
conversion  rate  for  brines  with  different  Initial  am¬ 
monia  contents  (brines  Nos.  1-4),  and  Fig.  10,  for 
brines  of  different  degrees  of  carbonation  (brines  Nos. 
5-8). 

This  relationship  can  be  represented  by  the 
equation: 


(6) 


A 


Fig.  8.  Effect  of  volumetric  gas  rate  at  constant 
Immersion  depth  on  the  over-all  coefficient  of 
absorption  of  carbon  dioxide  by  brines  of  different 
degrees  of  carbonation:  A)  over-all  absorption 
10- 


coefficient 


rate 


ym*  •  hour/ 


\m  •  atmos  *  hour/ 


B)  volumetric  gas 


^m"  •  hour^ 

3)  No.  7;  4)  No.  8. 


atmos  'hour/* 
brines:  1)  No.  5;  2)  No.  6; 


In  studies  of  the  variations  of  gas  rate  at  con¬ 
stant  liquid  rate  and  variable  immersion  depth,  a 
series  of  experiments  was  carried  out  with  brine  No.  2. 
The  experiments  were  performed  at  30",  a  liquid  rate 
of  about  183  mV ni**  hour,  and  with  31-38%  carbon 
dioxide  in  the  incoming  gas.  The  gas  rate  was  varied 
between  2720  and  12510  mV  m** hour,  and  the  im¬ 
mersion  depth  roughly  between  10-13  and  22-25%. 

The  relationship  between  the  absorption  coef¬ 
ficient  and  the  gas  rate  at  constant  liquid  rate  is  repre¬ 
sented  in  logarithmic  coordinates  by  line  2  in  Fig.  11. 
This  relationship  can  be  written  as 

Kq  a  =  MV^-^^. 

For  comparison,  line  1  in  Fig.  11,  represents 
the  relationship  between  the  absorption  coefficient 
and  the  gas  rate  at  constant  immersion  depth. 

It  follows  from  Fig.  11  and  Equations  (5)  and 
(7)  that  the  exponent  is  lower  at  constant  liquid  rate 
and  variable  immersion  depth  than  at  constant  im¬ 
mersion  depth  and  variable  liquid  rate.  This  is  because 


» 


796 


Fig.  9.  Effect  of  volumetric  gas  rate  at  constant  im¬ 
mersion  depth  on  the  conversion  rate  of  carbon  dioxide 
by  brines  of  different  ammonia  contents:  A)  conversion 

/kg*10"*\  .  /m’* 

rate  I;  B)  volumetric  gas  rate 

brines:  1)  No.  1;  2)  No.  2;  3)  No.  3;  4)  No.  4. 


A 


Fig.  10.  Effect  of  volumetric  gas  rate  at  constant  immersion  depth 
on  the  conversion  rate  of  carbon  dioxide  by  brines  of  different 

/  kg  •  10"^ 

degrees  of  carbonation:  A)  conversion  rate!  '1.^' — Is 
/m’-10‘*^ 


volumet¬ 


ric  gas  ratel  — 

°  \m  ‘hour 

4)  No.  8. 


r/’ 


brines:  1)  No.  5;  2)  No.  6;  3)  No.  7; 


in  this  instance  the  immersion  depth  varies  with  the  gas  rate  at  constant  liquid  rate.  However,  it  has  been  found 
[2]  that  the  immersion  depth  has  less  effect  than  the  liquid  rate  on  the  liquid-phase  mass-transfer  coefficient, 
and  therefore  on  the  over-all  coefficient  of  absorption  of  carbon  dioxide  by  ammoniacal  chloride  brines.  Thus, 
in  this  instance  also  the  influence  of  gas  rate  on  the  over-all  absorption  coefficient  must  be  regarded  as  a  factor 
which  determines  the  immersion  depth  at  a  given  liquid  rate. 
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Fig.  11.  Effect  of  volumetric  gas  rate  on  the  coefficient  of  ab¬ 
sorption  of  carbon  dioxide  by  ammoniacal  brine:  A)  over- all 


absorption  coefficient  I — j- 


-2 


B) 

ir/ 


/m’-lO- 


,  ,,  gasratel — r. 

\m" •  atmos •  hour/  °  \m 'hour 

1)  at  constant  immersion  depth;  2)  at  constant  liquid  rate. 


;) 


SUMMARY 

1.  The  experimental  results  show  that  the  main  diffusional  resistance  is  concentrated  in  the  liquid  phase. 

2.  The  Influence  of  gas  rate  on  the  carbonation  process  must  be  regarded  as  a  factor  which  influences  either 
the  liquid  rate  or  the  Immersion  depth. 
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THE  PHYSICAL  CHEMISTRY  OF  FOAMS 


V.  G.  Glelm  and  I.  K.  Shelomov 

Department  of  Chemistry,  Rostov  Institute  of  Railroad  Transport  Engineers 


In  series  of  earlier  papers  from  our  Department  [1-4]  we  considered  the  Influence  of  foam  formation  during 
boiling  and  bubbling  on  carry-over  of  the  liquid  phase  with  the  vapor  (or  gas)  Into  the  space  above  the  Interphase 
boundary. 


The  present  paper  contains  the  results  of  a  study  of  the  Influence  of  a  number  of  factors  —  temperature,  pres¬ 
sure,  the  physicochemical  properties  of  the  system  —  on  the  strength  and  average  life  of  foam  films. 


Fig.  1.  Film  strength  and  foam 
stability  for  aqueous  solutions  of 
n-propyl  alcohol:  A)  logarithm 
of  foam  life  (log  t);  B)  film 


W, 


strength^^*^  C)  alcohol  con¬ 
centration  (moles/ liter):  I)  log  r; 
II)  film  strength. 


The  data  presented  below  constitute  a  kind  of  continuation  and 
extension  of  the  known  work  of  Reblnder  [5,  6],  Trapeznlkov  [7,  8] 
and  Bartsch  [9].  It  should  be  noted  here  that  the  Influence  of  dynamic 
factors  (gas  or  vapor  velocity)  on  foaming  Intensity  has  been  considered 
by  Pozln  [10]  and  D'yakonov  [11]. 

The  first  part  of  the  present  paper  deals  with  the  rupture  of  bub¬ 
ble  films,  and  considers  the  factors  determining  bubble  stability  on 
pure  liquid  surfaces! 

In  the  second  part  these  questions  are  considered  In  relation  to 
true  solutions  of  surface- active  substances. 

Finally,  the  third  part  contains  the  results  of  an  experimental 
verification  of  the  principal  theoretical  propositions. 

Pure  Liquids 

Two  types  of  force  operate  In  a  liquid  film  at  equilibrium.  The 
first  type  Is  determined  by  surface  tension,  and  creates  stresses  which 
tend  to  rupture  the  film.  The  second  type  consists  of  forces  of  inter- 
molecular  cohesion,  which  tend  to  maintain  the  film  Intact.  The  re¬ 
lationship  between  these  types  of  force  evidently  determines  the  aver¬ 
age  film  life. 


In  order  to  obtain  a  quantitative  expression  of  this  relationship,  we  apply  the  general  theory  of  liquid  rup¬ 
ture,  developed  by  Zel'dovlch  [12]  and  Kornfel’d  [13],  to  the  case  in  question  —  a  thin  liquid  film. 

By  this  theory,  a  vapor  or  gas  bubble  Is  formed  In  a  liquid  column  under  the  Influence  of  negative  pres¬ 
sure  as  the  result  of  thermal  fluctuation;  under  certain  conditions  this  bubble  begins  to  grow,  and  this  naturally 
leads  to  rupture  of  the  liquid  column.  In  the  case  of  thin  films,  it  Is  necessary  to  take  into  account  a  number 
of  additional  factors,  which  are  Insignificant  In  relation  to  a  liquid  column.  These  Include  the  stress  set  up  by 
surface  tension,  external  pressure,  and  a  number  of  others. 

The  energy  of  formation  of  a  fluctuation  bubble  In  a  film  can  be  expressed  as  follows; 
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(1) 


r 

where  EPj  Is  the  resultant  pressure  in  the  film  and  V  is  the  bubble  volume. 

Since  V  represents  a  sphere,  then  dV  =  4irR*dR  and 

R 

=  PtmdR.  (2) 

0 


It  is  easy  to  see  that 


^Pi  =  Pi  +  P2-Ps-K 


(3) 


where  Pj  is  the  external  pressure;  Pj  =  is  the  Laplace  pressure;  Ps  is  the  pressure  of  a  saturated  vapor  or  dis- 

K 

solved  gas;  X  is  the  stress  caused  in  the  walls  by  surface  tension. 

If  the  liquid  and  gas  phases  are  in  equilibrium 


Pi  =  Pz’ 


(4) 


Tlie  usual  methods  of  the  elasticity  theory  can  be  used  to  calculate  X ,  if  we  take  into  account  that  the  ex¬ 
cess  bubble  pressure  is 


4ij 

P  =  — , 

P 


where  p  is  the  radius  of  curvature  of  the  film. 
Then 


(5) 


\  = 


I  ’ 


(6) 


where  6  is  the  film  thickness. 

From  Equations  (2)-(6)  we  find  the  energy  of  formation  of  a  fluctuation  bubble: 

We  now  consider  the  conditions  for  spontaneous  growth  of  the  fluctuation  bubble,  which  leads,as  was  stated 
earlier,  to  rupture  of  the  film.  It  is  easy  to  see  that  the  condition  for  spontaneous  growth  of  a  fluctuation  bubble 
is  represented  by  the  inequality 

Pz^Pl  +  P2  -  /QV 


where  Xi  is  the  stress  in  the  film  after  formation  of  a  bubble  of  radius  R  in  it. 
It  is  obvious  that 


Xi  r= 


(9) 
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Inequality  (8)  In  conjunction  with  Equations  (4)  and  (9)  takes  the  form 


or,  after  simplification 


23  ^  2a 

h  —  2R ' 


^01  =  y  ^ 


is  a  critical  value,  which  determines  the  minimum  energy  required  to  rupture  the  film. 


From  Equations  (7)  and  (12)  we  have 


Wei  =0.346TCi’'a, 


where  W^r  is  the  minimum  energy  required  to  rupture  a  film  of  the  given  liquid. 

Thus,  the  strength  of  a  film  is  determined  by  its  thickness  and  the  surface  tension  of  the  liquid. 

Tire  viscosity  of  the  liquid  has  an  Influence  only  insofar  as  it  determines  the  rate  at  which  the  film  thick¬ 
ness  changes.  Such  factors  as  temperature  variations,  evaporation  rate  of  the  liquid,  etc.,  operate  indirectly  in 
a  similar  way. 

The  relationship  between  Wer  (the  film  strength)  and  its  average  life  can  be  established  with  the  aid  of  the 
expression  [13] 

WeS 

U=AVe 

where  U  is  the  rate  of  spontaneous  bubble  formation  in  the  film,  and  A  is  a  proportionality  factor. 

Since  the  formation  of  only  one  bubble  of  radius  in  excess  of  the  critical  value  is  enough  to  rupture  the 

film,  we  can  replace  U  in  Equation  (14)  by  ,  where  is  the  average  ftlm  life. 

av 

Since  V  =  S6,  where  S  Is  the  film  area.  Equation (14)  becomes 

1  MT'P 

^av  =  ";43T  ®  (1^) 

Thus,  the  average  film  life  increases  exponentially  with  the  film  strength. 

Solutions 

In  the  case  of  solutions  •  the  rupture  mechanism  of  thin  film  is  entirely  identical  with  that  described  above. 
However,  in  such  systems  the  relationship  between  the  equilibrium  values  of  the  coefficient  of  surface  tension  and 
the  intermolecular  cohesion  forces  is  much  more  complex. 

The  obvious  cause  of  tills  is  the  existence  of  a  whole  series  of  factors  which  arise  as  the  result  of  adsorption 
processes. 


•  Solutions  of  surface -active  substances  are  considered. 
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Fig.  2.  Film  strength  and  foam 
stability  for  aqueous  solutions  of 
n-butyl  alcohol:  A)  logarithm  of 
foam  life  (log  t);  B)  film  strength 

^  \  C)  alcohol  concentration 


WHjO 

cr  y 

(moles/ liter):  I)  log  t;  II)  film 
strength. 


Indeed,  since  adsorption  equilibrium  cannot  be  established 
instantaneously,  the  energy  of  formation  of  a  fluctuation  bubble  must 
depend  on  a  certain  nonequilibrium  value  Oj^  of  the  surface  tension, 
which  must  be  always  greater  than  the  equilibrium  value  of  o . 

On  2:  o  (16) 

At  the  instant  when  the  surface  is  formed,  the  volume  and  the 
surface  concentrations  (C)  must  be  equal.  Subsequently,  as  adsorption 
equilibrium  is  reached,  the  concentration  in  the  surface  layer  becomes 


Cs 


r  •  KKK) 

P 


(17) 


where  B  is  the  thickness  of  the  surface  layer. 

The  volume  concentration  can  be  disregarded  without  undue 
error  for  solutions  with  low  solute  contents.  The  concentration  change 
took  place,  obviously,  as  the  result  of  transfer  ofr  moles  of  solute 
(per  unit  surface)  from  within  the  solution  to  the  surface  layer. 

If  the  adsorption  process  is  regarded  as  isothermal,  we  have 
for  the  energy  of  adsorption 

Ccc 

f  =  riiTln—^,  (18) 


but  the  energy  of  adsorption  is  equal  to  the  change  of  surface  tension,  and  it  follows  from  Equations  (18)  and  (17) 
that 


=  a  +  T’ifT’  In 


/’ .  1000 


(19) 


CG 

Assuming  as  an  approximation  that  T  =  .  where  G  is  the  surface  activity,  we  have 

R 1 

G  .  1000 

0^=0+ coin  . 


(20) 


_ _ G-1000 

Putting  <p  =  CG  In  — ,  we  have 
RTfl 


On  =  O  + 


It  is  easy  to  see  that  the  critical  condition  (10)  for  solutions  takes  form 

2  (q  +  y)  2o 

//.„  6-2i^r  ’ 

as  the  Laplace  pressure  is  determined  by  the  value  of  On.  and  the  stress  in  the  film,  by  the  value  of  o. 
It  follows  from  Equation  (22)  that 


(21) 


(22) 


a  -i-  <p 

^^cr  ~  ^  3a  -f-  2*? 


(23) 


where 


-1^  = 


°  4-y 

3a  -f-  2<jp  * 


(24) 
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The  critical  energy  of  film  rupture  for  a  solution,  with  all  the  foregoing  taken  Into  account.  Is  found  to  be 
analogous  to  that  for  pure  liquids: 


Wci  =-3  «62^(7a  +  6|>). 


(25) 


If  we  assume  approximately  that  the  film  thickness  Is  Independent  of  concentration,  we  have  after  suitable 
rearrangements: 


cr  ' 


a 

®H,0  ‘ 


(26) 


Thus,  the  film  strength  Is  higher  In  solutions  than  In  pure  liquids. 

It  must  be  noted  that  these  considerations  are  valid  also  for  solutions  of  surface-inactive  substances,  where 
water  Is  the  surface-active  substance,  and  for  colloidal  systems,  which  are  not  considered  here. 


Experimental  Verification  of  the  Principal  Theoretical  Propositions 

To  verify  the  validity  and  degree  of  accuracy  of  the  above  theoretical  considerations,  calculated  data  on 
film  strength  for  solutions  of  a  number  of  surface- active  substances  were  compared  with  data  obtained  by  various 
workers  on  foam  stability. 


A  B 


Fig.  3.  Film  strength  and  foam 
stability  for  aqueous  solutions  of 
isoamyl  alcohol:  A)  logarithm  of 
foam  life  (lor  r);  B)  film  strength 
\ 

— r,-  ^  ■);  C)  alcohol  concentra- 

tlon  (moles/ liter):  I)  log  t;  II)  film 
strength. 


The  results  of  this  comparison  are  presented  In  Tables  1-3 
and  Figs.  1-3. 

Table  1  and  Fig.  1  contain  data  on  n-propyl  alcohol.  The 
foam  stabilities  are  based  on  Erchlkovskll’s  data  [14]. 


In  this  case  It  was  assumed  that  3  «  lOA,  and  hence  RT3 


sOtR’cm 
2.4- 10’-*- — 
mole 


In 


Table  2  and  Fig.  2  the  values  off  and  of  the  loga- 


W. 


rlthm  of  the  foam  stability  in  solutions  of  n-butyl  alcohol  are  com¬ 
pared. 


Erchlkovskll's  data  on  foam  stability  are  again  used. 

In  Table  3  and  Fig.  3  the  values  o^^^^^for  Isoamyl  alco¬ 
hol  are  compared  with  the  average  bubble  life  in  the  same  solu¬ 
tion,  from  Venstrem  and  Rebinder's  data  [5]. 


TABLE  1 

Film  Strength  and  Foam  Stability  in  Aqueous  Solutions  of  n-Propyl  Alcohol 


Q  moles 
’  liter 

0  flSL 
crm 

G 

v 

W®cr 

wHeO 

cr 

T,  sec 

0.1 

66.0 

70 

23.6 

0.369 

1.58 

450 

2.65 

0.2 

61.4 

46 

27.1 

0.371 

1.60 

580 

2.76 

0.4 

54.6 

34 

36.0 

0.386 

1.73 

752 

2.88 

0.6 

50.0 

26 

37.0 

0.388 

1.75 

760 

2.88 

0.8 

46.0 

20 

33.9 

0.388 

1.61 

688 

2.84 

1.0 

43.4 

14 

24.7 

0.379 

1.30 

540 

2.73 

1.67 

— 

— 

— 

— 

80 

1.90 
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Fig.  4.  Film  strength  and 
maximum  foam  stability 
for  solutions  of  homologous 
alcohols:  A)  logarithm  of 
foam  life  (log  t);  B)  film 


strength 


wir 


.H,Q 


;  C)  number 


'cr*"*" 

of  carbon  atoms  (n)  in  the 
alcohol  molecule;  I)  log  r ; 
II)  film  strength. 


It  is  seen  that  experimental  values  of  foam  stability  (or  bubble  life) 
and  film  strengths  calculated  on  the  basis  of  theoretical  considerations  are 
in  good  agreement  for  different  concentrations  of  the  solutions  In  question. 

The  maximum  foam  stability  corresponds  to  the  maximum  value 
of  the  film  strength  calculated  from  Equation  (26). 

Therefore,  the  above  analytical  expressions  and  the  underlying  the¬ 
oretical  principles  may  be  regarded  as  justified. 

Further,  it  Is  not  without  Interest  to  consider  yet  another  aspect  of 
the  theory  and  practice  of  foam  formation  in  solutions  —  the  Influence  of 
the  length  of  the  hydrocarbon  radical  in  the  foaming  agent  on  the  foaming 
power  of  its  solutions. 

Solutions  of  certain  homologous  monohydrlc  alcohols  and  fatty  acids 
were  taken  at  concentrations  corresponding  to  the  maxima  of  foam  form¬ 
ation  as  given  by  Bartsch  [7].  Film  strengths  for  these  solutions  were  cal¬ 
culated  from  Equation  (26). 

These  data  are  compared  graphically  in  Figs.  4  and  5. 

The  results  show  that  the  film  strengtlis  and  foam  stabilities  pass 
through  maximum  values  with  increase  In  the  length  of  the  hydrocarbon 
chain,  and  then  decrease  rapidly. 

The  surface  activity  in  the  same  series  of  homologs  Increases  con¬ 
tinuously. 


TABLE  2 

Film  Strength  and  Foam  Stability  in  Aqueous  Solutions  of  n-Butyl  Alcohol 


moles 

cm* 

G 

•p 

s 

Wcr 

T,  sec 

^  liter 

WHzO 

cr 

0.1 

56.2 

100 

37.3 

0.384 

1.86 

280 

2.45 

0.2 

48.6 

66 

43.7 

0.396 

1.96 

380 

2..58 

0.3 

44.4 

48 

43.0 

0.398 

1.89 

398 

2.60 

0.4 

41.2 

43 

49.6 

0.410 

2.10 

390 

2.59 

0.5 

38.0 

36 

48.5 

0.410 

2.02 

230 

2.36 

0.6 

35.0 

30 

45.4 

0.410 

1.88 

108 

2.03 

0.7 

32.4 

25 

41.0 

0.408 

1.69 

82 

1.91 

0.8 

29.6 

22 

38.8 

0.410 

1.60 

62 

1.79 

0.9 

27.8 

18 

32.6 

0.406 

1.37 

42 

1.62 

1.0 

26.2 

16 

30.4 

0.406 

1.29 

24 

1.38 

TABLE  3 

Film  Strength  and  Foam  Stability  in  Aqueous  Solutions  of  Isoamyl  Alcohol 


moles 
^  liter 

cnr 

G 

9 

s 

^CT 

T,  sec 

>g^ 

cr 

0.005 

69.8 

670 

18.9 

0.3.58 

1.48 

36 

1..56 

0.010 

66.2 

550 

30.0 

0.372 

1.74 

41 

1.61 

0.020 

61.0 

39<) 

40.2 

0.385 

2.01 

47 

1.67 

0.040 

53.3 

2.50 

47 

0.394 

2.17 

52 

1.72 

0.080 

46.0 

140 

45.5 

0.399 

2.01 

31 

1.49 

0.100 

43.2 

100 

37.3 

0.394 

1.69 

28 

1.45 
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It  follows  that  higher  fatty  acids  and  monohydrlc  alcohols,  which  are  pref¬ 
erentially  adsorbed  at  Interfaces  because  of  their  high  surface  activities,  lower 
film  strength,  l.e.,  exert  a  foam-breaking  effect. 

Therefore,  substances  which  have  high  adsorption  potentials  and  at  the 
same  time  do  not  confer  any  significant  strength  to  the  surface  films  may  act 
as  foam  breakers. 

It  follows  that  foam  breakers  should  be  sought  and  studied  with  the  aid  of 
o  ~C  diagram  for  the  corresponding  aqueous  solutions. 

SUMMARY 

1.  The  rupture  of  a  film  of  a  gas  (or  vapor)  bubble  at  a  llquld-gas  Inter¬ 
face  can  be  considered  In  the  light  of  the  general  theory  of  the  strength  of  liquids 
(on  the  basis  of  formation  of  a  fluctuation  bubble  in  a  thin  film).  The  expres¬ 
sions  derived  show  that  the  energy  of  film  rupture  is  directly  proportional  to  the 
surface  tension  and  to  the  square  of  the  film  thickness. 

2.  For  solutions  of  surface-active  substances,  the  increase  of  the  energy 
of  film  rupture  is  determined  by  the  ratio  of  the  adsorption  (Gibbs)  to  the  surface 
tension. 

3.  The  action  of  the  so-called  foam  breakers  depends  on  their  high  ad¬ 
sorption  peotential  and  low  energies  of  foam  film  rupture. 

4.  Comparison  of  foam  stabilities  (or  bubble  lives)  determined  by  different 
workers  with  theoretical  values  for  energy  of  film  rupture  gives  good  agreement; 
this  confirms  the  concept  on  which  the  calculations  are  based. 
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CALCULATION  OF  THE  HEIGHT  OF  EQUIPMENT  FOR  CHEMICAL 
INTERACTION  OF  GASES  WITH  LIQUIDS 


L.  A.  Mochalova  and  M.  Kh.  Klshlnevskll 
Laboratory  of  Physical  Chemistry,  University  of  Kishinev 


Although  processes  involving  chemical  Interaction  between  gases  and  liquids  are  being  used  extensively  In 
chemical  technology,  there  are  still  no  rational  methods  for  calculations  relating  to  the  design  of  Industrial  equip¬ 
ment  used  for  such  processes. 

The  commonest  types  of  absorption  equipment  are  packed  and  bubble  towers.  The  principal  problem  in  the 
design  of  such  equipment  Is  determination  of  the  height  required  for  a  given  degree  of  extraction  of  the  absorbed 
component  from  a  gaseous  mixture,  and  for  a  given  degree  of  chemical  conversion  of  the  liquid  phase.  In  a 
number  of  cases  only  one  of  the  problems  needs  to  be  solved. 

Neither  methods  for  calculation  of  the  height  of  equipment  for  chemical  Interaction  of  gases  with  liquids, 
nor  methods  for  modeling  such  processes  are  described  in  the  literature.'  This  situation  may  lead  to  considerable 
errors  In  the  construction  of  new  industrial  units,  and  retards  improvements  in  the  output  of  existing  equipment. 

In  this  paper  an  attempt  is  made  to  indicate  the  directions  in  which  efforts  must  be  made  to  eliminate  this 
gap  between  the  demands  of  industrial  practice  and  the  level  of  our  knowledge  of  absorption  equipment  design 
and  calculation  methods. 

The  height  of  a  packed  or  bubble  tower  required  to  give  a  specified  degree  of  conversion  can  be  calculated 
if  the  following  are  known:  the  liquid-phase  and  gas-phase  mass-transfer  coefficients,  referred  to  unit  volume  of 
the  equipment  (for  packed  towers)  or  per  m*  of  plate  area  (in  bubble  towers),  the  renewal  time  of  the  surface  layer 
and  certain  physicochemical  factors  (rate  constant  of  the  slowest  reaction,  solubility  of  the  absorbed  component 
in  the  liquid  phase,  chemical  equilibrium  constant,  etc.).  The  mass-transfer  coefficients  are  determined  by  hydro- 
dynamic  factors:  the  geometry  of  the  equipment,  flow  rates,  the  viscosities  and  densities  of  the  liquid  and  gas 
phases,  and  the  properties  of  the  surface  layers;  and  by  a  physicochemical  factor  —  the  coefficient  of  molecular 
diffusion.  The  renewal  time  of  the  surface  layer  is  determined  by  hydrodynamical  factors  only. 

In  cases,  when  the  literature  does  not  contain  reliable  data  on  mass-transfer  coefficients  for  a  given  type 
of  equipment  and  a  given  hydrodynamical  regime,  model  experiments  are  necessary. 

Data  on  the  renewal  times  of  the  surface  layers  under  various  conditions  are  immeasurably  more  scanty, 
because  of  the  relative  novelty  of  this  concept  and  also  because  determinations  of  these  values  involve  more 
laborious  experiments  on  chemical  systems,  and  more  difficult  calculations  [1].  Nevertheless,  without  such  data 
it  is  hardly  possible  to  develop  rational  methods  relating  to  the  calculation  and  design  of  equipment  for  chemi¬ 
cal  reactions  between  gases  and  liquids. 

The  derivation  of  calculation  formulas  for  determination  of  the  height  of  absorption  towers  for  chemical 
interaction  of  gases  with  liquids,  presented  in  this  paper,  is  based  on  the  equation  for  the  kinetics  of  absorption 
accompanied  by  chemical  reaction.  The  form  of  this  equation  depends  primarily  on  the  mechanism  and  kinetics 
of  the  reactions  in  the  liquid  phase,  and  also  on  the  hydrodynamical  conditions. 

Let  us  consider  one  of  the  commonest  cases,  when  the  absorption  process  is  accompanied  by  an  irreversible 
reaction  of  the  second  order.  The  equation  for  the  absorption  rate  in  this  case  is  of  the  form  [2] 
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(1) 


<  H 
Kl  a  a 

where  q  Is  the  absorption  rate  (In  kg-moles/hour  •  m’  for  packed  towers  and  kg-moles/hour  •  cm*  for  plate  towers): 
C  is  the  concentration  of  the  active  component  of  the  absorbent  (in  kg-moles/m*),  H  is  the  solubility  coefficient 
(in  kg-moles/m**  atmos);  P  is  the  partial  pressure  of  the  absorbed  component  (atmos);  kjaisthe  liquid-phase  mass- 
transfer  coefficient  (in  1/hour  or  m/hour);  kca  is  the  gas-phase  mass-transfer  coefficient  (in  kg-moles/hour- 
•  atmos -m*  or  kg-mol  es/ hour- atmos  •m*):rii  is  the  number  of  molecules  of  the  active  component  of  the  absorbent 
combining  with  one  molecule,  of  gas. 


yJmllP* 


0 


where  P*  is  the  partial  pressure  of  the  absorbed  gas  at  the  Interface  (in  atmos);  is  the  rate  constant  for  a 
second-order  reaction  (in  m V  kg-mole  •  hour);  At  Is  the  renewal  time  of  the  surface  layer  (hours). 

In  developed  turbulence,  since  Ar  is  very  small,  the  exponential  expressions  may  be  resolved  into  series 
and  the  nonlinear  terms  omitted.  Equation  (1)  becomes 


HP 


1  //  ' 
kj^a(A'C+  1)  +kga 


(2) 


where  K  =  K^At 

When  C  =0,  Equation  (2)  becomes  the  equation  for  the  rate  of  absorption  unaccompanied  by  chemical 
reaction.  At  high  values  of  C  the  liquid -phase  resistance  becomes  very  low  and  the  absorption  rate  is 


q  =  kaP.  (3) 

It  must  be  pointed  out  that  in  physicochemical  investigations  and  in  determinations  of  numerical  values  of 
Ar  under  various  hydrodynamical  conditions  (Equation  1)  should  be  used,  as  it  is  more  accurate.  In  certain  tech¬ 
nical  calculations,  such  as  determinations  of  tower  height.  Equation  (2)  may  be  used,  especially  as  industrial 
processes  are  commonly  conducted  under  conditions  of  high  turbulence. 

In  packed  towers  the  gas  and  liquid  streams  are  in  countercurrent  motion,  while  in  plate  towers  they  are  in 
cross  flow.  This  gives  rise  to  different  mathematical  problems.  We  consider  the  former  6ne  first. 

In  earlier  paper  [3]  we  considered  the  case  of  constant  concentration  of  the  absorbent  along  the  height  of  the 
tower.  Now  we  examine  the  more  general  case,  when  the  compositionof  both  the  gas  and  the  liquid  phase  vary 
along  the  column.  This  problem  Involves  solution  of  the  system  of  equations 


-Gf/y  =  — dC  = 


PH 


1  H 

kj^a  (AC’  -f- 1 )  kga 


dh. 


(4) 


where  G  is  the  flow  rate  of  the  inert  gas  (in  kg-moles/hour  •  m*),  L  is  the  liquid  rate  (in  mVtn*-hour),  y^is  the 
concentration  of  the  absorbed  component  (in  kg-moles/ kg-mole  of  inert  gas);  Ji  is  the  packing  height. 

With  the  aid  of  the  expression 


P  = 


Ptoty 

1  +y 


(5) 
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where  is  the  total  pressure  (in  attnos),  after  Integration  of  Equation  (4)  we  obtain  the  calculation  formula 


'tot 


Aqi/1 


k^a 


f'in  4  4- 

_ 


1  u 


In 


^n  +  a: 


^in  4" 


-  Yey) 


ex  ^  K 


yin 


(6) 


r  I  A  *"7— 4-^(yin-^x  ) 


"ex 


where  A  =  kj  aHK,  B  =  is  the  gas  composition  at  entry  into  the  tower,  yg^  is  the  gas  composition  at  the 

tower  exit,  and  is  the  absorbent  concentration  at  entry. 

Although  Equation  (6)  is  somewhat  cumbersome,  It  can  be  used  for  easy  calculation  of  the  packing  height 
corresponding  to  a  given  degree  of  extraction  of  the  gas,  provided,  of  course,  that  the  mass-transfer  coefficients 
and  the  renewal  time  of  the  surface  layer  are  known.  It  must  be  emphasized  that  the  derivation  is  based  on  the 
assumption  thatk^a  and  k^a  are  independent  of  the  tower  height.  This  assumption  was  verified  experimentally. 
The  main  factors  determining  the  values  of  these  coefficients  and  the  renewal  time  of  the  surface  layer  are: 
spray  density;  gas  rate;  dimensions,  shape,  and  configuration  of  the  packing;  viscosity  and  density  of  the  absor¬ 
bent;  state  of  the  interphase  layers,  temperature. 

In  the  case  of  cross  flow,  the  following  equations  must  be  solved; 


L'z 

m 


rfC  =  G  (j/£  —  1/  ex  )  (fh  — 


PH 


k^^az  (KC 1)  /tqqz 


// 


dh. 


(7) 


where  L'  is  the  linear  velocity  of  the  liquid  in  a  horizontal  direction  on  the  plate  (in  m/hour);  z  is  the  height 
of  the  gas-liquid  stream  on  the  plate  (m);  dh  is  an  element  of  the  liquid  path  on  the  plate;  k^ a  and  k^a  are  the 
mass-transfer  coefficients  per  unit  volume  of  the  gas-liquid  stream;  P  is  the  vertical  mean  partial  pressure  of 
the  gas. 

Equations  (7)  are  valid  if  C  is  constant  over  a  vertical  plane  at  right  angles  to  the  direction  of  flow  of  the 
liquid  on  the  plate.  The  composition  of  the  gas  phase  is  variable  not  only  in  the  vertical  direction,  but  also  along 
the  liquid  path  on  the  plate.  For  simplicity  in  calculation,  the  vertical  mean  value  of  the  partial  pressure  of  the 
absorbed  gas  is  considered  in  Equation  (7).  This  approach  was  used  by  Pozln  [4]. 

Replacing  P  in  Equation  (7)  by 


P  = 


PioxV 
1  +  y  ’ 


(8) 


when 


yiu4-  Vex 

?/ = - 2 - 


(9) 


we  find  an  expression  for  yg^  in  terms  of  C 


///>tot/^o/C(ji(AG  f  1)(?/^t.-|-?/ex) 

(^4-?4n  “^-'ex  )  '^In  ^ex)- 

Here  we  consider  only  the  case  when  the  concentration  of  the  absorbed  gas  is  relatively  low;  this  is  the 
simplest  case,  and  is  often  met  in  practice.  We  disregard  the  numerator  in  comparison  with  the  denominator  in 
Equation  (9)  and  solve  Equation  (10)  for  ygj^;  substitution  of  the  result  into  the  equation 

-4r‘^^  =  ^0'in-yex 
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and  integration  gives  the  first  variant  of  the  calculation  formula 


.  2G  +  ^ 


(^in  ^ex 


(11) 


For  use  of  Equation  (11)  it  is  necessary  to  know  the  liquid-phase  and  gas-phase  mass-transfer  coefficients 
referred  to  1  m*  of  plate  area,  l.e.,  the  products  RlAz  and  kQaz,  and  also  the  height  of  the  gas-liquid  stream  £ 
on  the  plate.  This  last  condition  makes  it  somewhat  difficult  to  use  the  equation.  However,  the  formula  can  be 
transformed,  because 


L'z  =  Lh 

where  L  is  the  liquid  flow  rate  per  unit  cross-sectional  area  of  tower  (in  mVm**hour). 

Substitution  of  Equation  (12)  into  (11)  gives  the  second  variantofthe  calculation  formula. 

2mGy  in  2G  A'Cin  +  1  /  2G  \ 

L  =  Hki^azK  A'Ggx  +  1  +  “  ^ex  )  /^ot  j  ’ 


(12) 


(13) 


Formula  (13)  can  be  used  for  calculation  of  the  flow  rate  of  the  liquid  per  m*  of  column  cross  section,  re¬ 
quired  to  give  the  required  degree  of  chemical  conversion  of  the  absorbent  on  the  plate  at  given  gas  rate  per  m*, 
total  pressure,  and  compositions  of  the  gas  and  absorbent  at  entry  to  the  plate.  This  is  equivalent  to  determina¬ 
tion  of  the  plate  length,  as  h  can  be  found  for  a  known  total  liquid  rate,  if  the  plate  width  is  chosen  and  the  liquid 
flow  rate  per  m*  of  plate  is  calculated.  After  determination  of  the  plate  length  it  is  easy  to  calculate  the  total 
number  of  plates  in  the  tow^r. 

Equations  (6)  and  (13)  were  verified  experimentally  under  laboratory  conditions  for  the  systems  COi-aqueous 
ammonia  solutions  and  COj- aqueous  NaOH  solutions,  and  satisfactory  results  were  obtained. 

S  U  M  M  A  rV 

Equations  have  been  derived  for  calculations  of  packed-tower  height  and  plate  length  in  absorption  with 
chemical  interaction  of  gas  with  liquid;  they  can  be  used  in  practice  if  the  mass-transfer  coefficients  in  the  liquid 
and  gas  phases,  referred  to  unit  volume  of  the  apparatus  in  the  first  case  and  to  1  m*  of  plate  area  in  the  second, 
and  the  renewal  time  of  the  surface  layer  are  known. 

LITERATURE  CITED 

[1]  L.  A.  Mochalova  and  M.  Kh.  Kishinevskii,  J.  Appl.  Chem.  31,  No.  4,  533  (1958).  * 

[2]  M.  Kh.  Kishinevskii,  J.  Appl.  Chem.  27,  No.  3,  450  (1954).  * 

[3]  M.  Kh.  Kishinevskii  and  L.  A.  Mochalova,  J.  Appl.  Chem.  30,  No.  9,  1386  (1957).* 

[4]  M.  E.  Pozin,  J.  Appl.  Chem.  25,  No.  10,  1032  (1952).* 


Received  April  21,  1958 


•  Original  Russian  pagination.  See  C.  B.  Translation. 


809 


PHASE-CONTACT  AREA  OF  IMMISCIBLE  LIQUIDS  DURING 
AGITATION  BY  MECHANICAL  STIRRERS 

V.  V.  Kafarov  and  B.  M.  Babanov 


The  stirring  of  Immiscible  liquids  in  order  to  produce  emulsions  or  to  effect  extraction  is  a  common  indus¬ 
trial  process  [1]. 

The  purpose  of  the  present  investigation  was  to  determine  the  phase-contact  area  formed  during  agitation  by 
mechanical  stirrers.  A  sedlmentometer  of  special  design  [2]  was  used  for  measurements  of  dispersity  and  surface 
area;  the  sedlmentometer  results  were  compared  with  the  results  of  photoelectric  determinations  [3-6]. 


A 


Fig.  1.  Comparison  of  experimen¬ 
tal  data  with  the  data  of  Vermeulen, 
Williams,  and  Langlois  [3]:  A)  ratio 
of  average  drop  diameter  d^y  io 
stirrer  diameter  d5;  B)  Weber  num¬ 
ber  l)toluene— 

water;  2)  spindle  oil— water;  3)  kero¬ 
sene-water.  The  results  of  Ver¬ 
meulen  et  al.  are  represented  by  the 
straight  line. 


The  following  approach  may  be  used  for  determination  of  the 
relationship  between  the  surface  area  formed  and  the  factors  de¬ 
termining  the  stirring  process. 

It  must  be  assumed  that  the  phase- contact  area  per  unit  volume 
of  the  stirred  mixture,  or  the  specific  phase-contact  surface  A 
(mVm*),  depends  on  the  design  of  the  mixer  used,  the  angular 
velocity  of  the  stirrer  n  (1/ second),  the  stirrer  diameter  dg,  the 
interfacial  tension  o  (kg/  m),  the  viscosity  of  the  mixture  p^nx 
(kg-sec/m*),  and  the  density  of  the  mixture  p^j^fkg ’secVni^), 

1.  e., 


=  rfs.  Mmx.W-  (1) 

The  viscosity  of  the  mixture  can  be  expressed  as  follows  in 
terms  of  the  viscosity  of  the  disperse  phase  and  the  viscosity 
of  the  dispersion  medium  Pm  [3]: 

!inx-=  1-^a  (  1  +  1.5a  ^qp^)  .  (2) 

where  a  is  the  fraction  of  the  disperse  phase  in  the  system. 

The  density  of  the  mixture  is  given  by  the  expression  [7]: 

^’mx”  ^d  ‘  ^m' ~ (3) 

where  p^j  and  are  the  densities  of  the  disperse  phase  and  the 
dispersion  medium  respectively. 


Dimensional  analysis  of  the  functional  relationship  (1)  yields  the  following  relationship  between  three 
dimensionless  groups: 


A.d,  =C 


(4) 
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Examination  of  the  groups  In  the  right-hand  side  of  Equation  (4)  readily  shows  that  one  of  them  Is  the  well- 
known  Weber  number,  (We),  and  the  other  is  the  ratio  of  the  Weber  number  to  the  Reynolds  number  (Re),  as 


He 


^Pmx  ^ 


n  •  rfs  •  i^mx 


Jmt- 


4tix 


then 


A.  =  Co  .  We”>  .  {~)l  =  Co  •  .  He-K 


(5) 


Expansion  of  this  relationship  gives 


.4  =  C, 


0  *  P  m)f 


3m+r-l  . 


mx 


(6) 


The  constants  Cq,  m,  andZ  can  be  found  only  by  experiment.  We  therefore  carried  out  mixing  experiments 
in  geometrically  similar  vessels  of  two  different  sizes,  with  four  types  of  stirrers  and  four  liquid  systems. 

One  of  the  vessels,  200  mm  in  diameter,  was  made  of 
glass  to  allow  visual  observations  of  the  mixing  process;  the 
other,  400  mm  in  diameter,  was  of  stainless  steel.  In  order  to 
have  conditions  for  hydrodynamic  modeling  [8],  each  vessel  was 
fitted  with  four  baffles.  To  avoid  errors  by  entry  of  air  into  the 
agitated  systems,  both  vessels  were  covered  by  lids  and  filled 
with  the  liquids  under  test.  The  characteristic  dimensional 
ratios  for  the  two  vessels  were: 


a  =  -^D,  h  =  D,  b  =  H, 


60 


Fig.  2.  Variation  of  phase-contact  area 
with  concentration  of  the  disperse  phase  in 
the  system  spindle  oll~  water  (stirrer  Model 
No.  3);  A)  phase-contact  area  (mVni*): 


B)  concentration  of  disperse  phase 


0.15/ 


where  D  is  the  Internal  diameter  of  the  vessel;  H  is  the  filled 
height  of  the  vessel,  equal  to  the  distance  from  the  bottom  of 
the  vessel  to  the  lid;  dsls  the  stirrer  diameter;  h  is  the  distance 
from  the  bottom  of  the  vessel  to  the  stirrer;  a  Is  the  baffle  width; 
b  is  the  baffle  height;  6  is  the  distance  between  the  baffle  and 
the  vessel  wall;  (all  dimensions  in  meters). 


1)  n  =  600  rpm;  2)  n  =  700  rpm;  3)  n  = 
=  800  rpm;  4)  n  =  1000  tpm. 


The  following  types  of  stirrers  were  used:  a  turbine  6- 
blade  stirrer  with  flat  vertical  blades  [9]  (Model  No.  1),  a  2- 
blade  stirrer  with  flat  vertical  blades  (Model  No.  2)  and  a  2- 
blade  stirrer  with  flat  blades  set  at  a  downward  angle  of  45“ 
(Model  No.  3),  with  blade  widths  equal  to  0.25  ds  In  both  cases;  and  a  3-blade  propeller  stirrer  [10]  (Model  No.  4). 
The  stirrer  speeds  were  measured  by  means  of  an  electrical  tachometer,  and  the  power  was  determined  with  the 
aid  of  a  dynamometer  device  [11,  12].  The  dispersion  medium  was  water  in  all  cases.  The  disperse  phases  used 
were  toluene,  kerosene,  spindle  oil,  and  petrolatum.  As  these  liquids  were  of  a  technical  purity  grade,  their  den¬ 
sities  (pd)  and  viscosities  (jij)  were  determined  before  each  experiment,  and  the  surface  tensions  at  the  water  In¬ 
terface  (o)before  and  after  each  experiment;  if  the  difference  between  the  values  of  o  before  and  after  an  ex¬ 
periment  exceeded  5<7o,  the  experimental  results  were  rejected.  The  value  of  o  found  after  the  experiment  was 
used  in  calculation.  The  densities  of  the  individual  liquids  were  determined  pycnometrically,  viscosities  by 
means  of  the  Ostwald  viscosimeter,  and  surface  tensions  by  means  of  the  stalagmometer  [13]. 

In  these  experiments  the  surface  tension  was  varied  between  0.0023  and  0.0058  kg/m,  viscosity  from 
0.00006  to  0.0196  kg* sec/m*,  and  density  from  79.5  to  102  kg/ sec*/ For  determination  of  the  effect  of  the 
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Fig.  3.  Effect  of  stirrer  speed  on  the  phase- 
contact  area  for  different  stirrers  and  sys¬ 
tems:  A)  phase-contact  area  (mVni®):  B) 
stirrer  speed  n  (rpm);  1)  toluene— water, stir¬ 
rer  Model  No.  =  0.066  m;  2)  toluene- 
water,  Model  No.  2,  ds  =  0.066  m;  3)  tolu¬ 
ene-water,  Model  No.  3,  d5  =  0.066  m; 

4)  toluene— water, Model  No.  4,  ds  =  0.066  m; 

5)  kerosene  — water.  Model  No.  l,ds  =  0.13m; 

6)  toluene— water.  Model  No.  1, d5  =  0.13m; 

7)  carbon  tetrachloride-water, 4-blade  stir¬ 
rer,  ds  =  0.172  m;  8)  water— isoociance, 4- 
blade  stirrer,  ds  =  0.172  m. 


A 


Fig.  4.  Effect  of  stirrer  diameter  on 
phase-contact  area  for  different  systems 
at  n  =  600  rpm:  A)  phase-contact  area 
(mVrn®);  B)  stirrer  diameter(m);  kero¬ 
sene-water;  1)  Model  No.l;  2)  Model 
No.  2;  3)  Model  Na3;  4)  Model  No.  4; 
toluene— water;  5)  Model  No.  1; 

6)  Model  No.  2;  7)  Model  No.  3. 


viscosity  of  the  disperse  phase  on  the  contact  area,  a  number  of  experiments  with  the  system  spindle  oil- water 
were  carried  out  under  constant-temperature  conditions,  the  mixers  being  placed  in  a  water  bath  at  10,  20,  and 
30".  The  effect  of  tlie  amount  of  disperse  phase  was  studied  in  the  same  system  (with  5,  15,  and  35'7oof  disperse 
phase  by  volume  in  the  system).  All  the  other  experiments  were  carried  out  at  temperatures  between  20  and  26", 
with  15<7o  of  the  disperse  phase  in  the  system. 

For  comparison  of  the  results  obtained  with  the  sedimentometer  [2]  with  the  results  obtained  by  the  photo¬ 
electric  method,  several  experiments  were  carried  out  with  an  apparatus  similar  to  that  described  by  Vermeulen 
Williams,  and  Langlois  [3],  The  systems  taken  for  these  experiments  were  toluene~water,spindleoil— water,  and 
kerosene"  water.  The  stirrer  speeds  were  between  100  and  200  rpm,  as  at  lower  speeds  the  disperse  phase  was  not 
distributed  uniformly  in  the  stirred  system,  while  at  higher  speeds  air  was  drawn  from  the  atmosphere  into  the 
stirred  system;  therefore  the  systems  were  studied  at  110,  152  and  197  rpm. 

The  average  droplet  size  (d^y  in  m)  was  found  from  the  equation 


(9) 


where  V  is  the  volume  fraction  of  the  disperse  phase  in  the  system.  The  results  were  in  good  agreement  with  the 
results  obtained  by  the  earlier  workers;  this  follows  from  the  graph  (Fig.  1)  plotted  by  Vermeulen  et  al.,  where 
the  ratio  of  the  average  droplet  size  (day)  to  the  stirrer  diameter  (ds)  is  plotted  against  the  Weber  number  |we  = 

_  It  is  seen  from  the  graph  that  the  average  deviation  of  our  experimental  points  from  the  linear 

Vermeulen  plot  does  not  exceed  12<yo. 


It  follows  that  the  sedimentometric  method  for  determination  of  the  dispersity  of  emulsions  is  not  inferior 
to  the  photoelectric  method  in  accuracy  and  reliability,  and  has  the  advantage  over  the  latter  in  that  it  is  in¬ 
dependent  of  the  purity  and  properties  of  the  liquids  studied.  The  only  exception  is  the  system  spindle  oil— water; 
when  this  system  is  stirred  the  phase-contact  area  may  be  somewhat  low, owing  to  penetration  of  minute  water 
droplets  into  the  oil  droplets,  as  was  observed  in  some  experiments.  Moreover,  the  sedimentometric  method  can 
be  used  for  determinations  of  the  fractional  composition  of  emulsions,  which  is  Impossible  with  the  photoelectric  method. 
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Concentration  of  the  Disperse  Phase.  The  volume  concentration  of 
the  disperse  phase  was  varied  from  5  to  35%.  The  results  of  these  experi¬ 
ments  are  plotted  in  Fig.  2.  The  concentrations  of  the  disperse  phase  are 
expressed  relative  to  0.15,  which  represents  the  concentration  of  disperse 
phase  (15%)  taken  as  standard.  The  diagram  shows  that  the  slope  of  the 
lines  remains  almost  constant  irrespectively  of  the  stirrer  speed;  the  tangent 
of  the  angle  of  inclination  (slope)  is  0.84,  i.e, 

/  a  \0.M 

^  ^  ■  VlTTir)  Ar=K2-  a® 

Stirrer  Speed.  Figure  3  shows  variations  of  the  phase-contact  area 
with  stirrer  speed  for  different  stirrers  and  systems.  To  compare  our  ex¬ 
perimental  results  with  earlier  data  [3],  the  graph  contains  the  lines  7  and 
8,  which  represent  the  analogous  relationship  between  the  phase-contact 
area  and  stirrer  speed  for  the  systems  carbon  tetrachloride—  warer  and  water — 
Isooctane  stirred  by  means  of  a  4-blade  stirrer  with  flat  vertica;  blades, 
0.172  m  in  diameter,  in  a  vessel  0.25  m  in  diameter.  The  lines  are  nearly 
parallel;  this  shows  that  the  area  varies  with  stirrer  speed  in  a  similar  man¬ 
ner,  irrespectively  of  the  properties  of  the  mixed  liquids  or  of  the  design  and 
dimensions  of  the  stirrer.  Consideration  of  similar  graphs  for  the  systems 
spindle  oil  — water  and  petrolatum  — waterleads  to  the  same  conclusion.  The 
slope  was  found  to  vary  between  0.88  and  1.21.  In  generalization  of  the 
experimental  data  we  took  the  average  value  of  the  slope  as  1.11,  i.e., 

A  =  Kj-n^-^. 

Stirrer  Diameter.  Experiments  on  the  effect  of  stirrer  diameter  were 
carried  out  in  vessels  200  and  400  mm  in  diameter,  with  all  the  types  of 
stirrers,  for  the  systems  kerosene— water  and  toluene— water.  Variations  of  surface  tension  found  among  systems 
mixed  by  means  of  stirrers  of  the  same  form  in  vessels  of  different  size,  did  not  exceed  5%.  The  results  of  these 
experiments  are  plotted  in  Fig.  4.  It  follows  from  the  graph  that  the  slope  varies  between  0.63  and  0.76,  with  an 
average  value  of  0.7,  I.e.,  A  =  K4*  d^*’. 

Viscosity.  The  influence  of  viscosity  was  studied  with  the  system  spindle  oil— waterstirred  at  10,  20,  and 
30",  and  the  system  toluene-waterat23*,  with  similar  values  of  surface  tension,  0.00314,  0.00297,  0.00286  and 
0.00297  kg/m,  respectively.  The  respective  densities  of  toluene  (866)  and  oil  (916,  910,  and  904  kg/m*)  also 
differed  little,  but  the  viscosity  of  the  oil  at  10*,  0.0196  kg* sec/ m*,  was  350  times  the  viscosity  of  toluene, 
0.000056  kg  'sec/m*.  The  systems  were  stirred  by  means  of  stirrer  Model  No.  3  in  a  vessel  of  d  =  200  mm.  The 
results  of  these  experiments  are  plotted  in  Fig.  5;  they  show  that  there  were  no  appreciable  differences  between 
the  phase-contact  areas.  It  will  be  shown  later  by  dimensional  analysis  that  the  power  of  the  viscosity  in  the  re¬ 
lationship  in  question  is  low  (0.1);  this  is  consistent  with  the  experimental  observations. 

Surface  Tension.  Three  compositions  were  chosen  in  the  system  toluene— water,  with  different  values  of 
o  —  0.00232,  0.00310,  and  0.00405  kg/m  —  chemically  pure  and  technical  toluene  being  mixed  in  different  pro¬ 
portions.  Under  these  conditions  the  other  properties  of  the  system,  such  as  density  and  viscosity,  remained 
virtually  unchanged.  The  liquids  were  mixed  in  a  vessel  200  mm  in  diameter  by  means  of  stirrer  Model  No.  3. 
The  results  of  these  experiments  are  plotted  in  Fig.  6.  It  follows  from  these  results  that  the  slope  of  lines  remains 
almost  constant  at  different  stirrer  speeds;  the  tangent  of  the  angle  of  inclination  is  0.50,  i.e.,  A  =  Ks’o”®'* 

Density.  It  has  been  shown  by  previous  investigators  [3]  that  the  phase-contact  area  is  proportional  to  the 
density  to  the  power  0.6.  A  similar  power  of  p  is  found  from  our  experimental  data  on  the  influence  of  stir¬ 
rer  speed,  stirrer  diameter,  and  surface  tension,  with  the  aid  of  Equation  (6). 

If  we  equate  the  exponents  of  n,  (^  ,  and  o  in  Equation  (6)  to  the  respective  experimental  values,  we  ob¬ 
tain  three  equations:  2m  +  Z  =  1.11;  3m  +  Z  —  1  =  0.7;  — m  — Z  =  —0.50. 


A 


Fig.  5.  Effect  of  tlie  viscos¬ 
ity  of  the  disperse  phase  at 
different  stirrer  speeds  on  the 
phase- contact  area  (stirrer 
Model  No.  3):  A)  phase-con¬ 
tact  area  (m*/ ni*);  B)  stir¬ 
rer  speed  n(rpm);  spindle  oil  — 
water:  l)pd  =  0.0196  kg ’see/ 

/  m*  2)  p  d  =  0.0090  kg  •  sec/ 

/  m*  3)  Pd  =  0.00415  kg  •  sec/ 
/m*  toluene-water;  4)Pd  = 
0.000056  kg* sec/ m*. 
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Fig.  6.  Effect  of  surface  tens  ion  on  the  phase- 
contact  area  with  stirrer  Model  No.  3:  A)phase- 
contact  areafmVm®):  B)  surface  tension  (kg/m) 
toluene— water:  l)n  =  700rpm;  2)n  =  800rpm; 

3)  n  =  1000  rpm;  4)  n  =  1200  rpm. 


Solving  these  equations  in  pairs,  we  obtain  the  fol¬ 
lowing  values:  for  m,  0.59,  0.61,  and  0.6,  average  0.6; 
for  Z,  —  0.07,  —0.11,  and  —0.10,  average  —0.1.  There¬ 
fore  Equation  (5)  can  be  written  as 

A.  ds  =  Co  •  (8) 

Generalization  of  the  Experimental  Results.  The 
experimental  data  for  each  stirrer  were  plotted  in  the 
coordinates: 

X  .  d,  -tiWe). 

One  such  plot,  for  stirrer  Model  No.  3,  is  shown  in  Fig.  7. 
It  can  be  seen  that  the  experimental  points  are  grouped 


A 


A 


B)  Weber  number;  models:  1)  No.  1;  2)  No.  2;  3)  No.  3;  4)  No.  4. 
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Fig.  9.  Effect  of  power  consumption  of  a  3- 
blade  propeller  stirrer  on  extractor  efficiency 
and  phase-contact  area:  A)  phase-contact 
area(m*/m^;  B)  power  consumption  (in  kg- 
m/sec);  C)  extractor  efficiency:  1)  toluene- 
water,  d5  =  0.066m;  2) petrolatum— water, 
d§  =  0.066  m;  3)  water— n-butylamine— kero¬ 
sene,  ds  =  0.01  m;  4)water-n  -  butylamine- 
kerosene,  ds  =  0.15  m. 


satisfactorily  around  a  straight  line  of  slope  0.5,  which  satis¬ 
fies  the  equation 


A.ds^ 


/  g  \-0.84 

I  0.15  ) 


=  C,  .  \ 


(9) 


The  average  deviations  of  the  points  from  the  straight 
line  does  not  exceed  ±  13%.  Similar  relationships  with  the 
same  slope  were  obtained  for  the  6-blade  turbine  stirrer,  the 
2-blade  stirrer  with  vertical  blades,  and  the  3-blade  propel¬ 
ler  stirrer  (Fig.  8),  leading  to  the  general  equation. 


yl  •  rf,  =  C  .  We^-^  .  He®  *  .  a®-^  .  (19) 


Values  of  the  constant  C,  which  characterizes  the 
form  of  the  stirrer,  in  Equation  (10)  are  given  below. 

The  relationship  between  the  phase-contact  area  and 
the  mixing  conditions  can  be  used  in  studies  of  mass-trans¬ 
fer  processes.  Overcashler,  Kingsley,  and  Olney  [14]  studied 
the  efficiency  of  extractors  with  mechanical  stirrers,  and 
determined  the  relationship  between  extractor  efficiency  € 
(as  a  fraction  of  the  theoretical  step)  and  power  consumption. 
To  compare  this  relationship  with  the  relationship  between 


Stirrer 

Model  No. 

Stirrer  type 

Number  of 

blades 

Values  of  con¬ 
stant  C  in  Equa¬ 
tion  (10) 

1 

Turbine 

6 

25.9 

2 

With  vertical  blades 

2 

18.65 

3 

With  blades  set  at  45*  downward 

2 

13.65 

4 

Propeller 

3 

13.85 

the  phase-contact  area  and  the  power  consumption,  the  data  of  Overcashler  et  al.  [14]  and  our  results  were  plot¬ 
ted  in  appropriate  coordinates  (Fig.  9);  straight  lines  of  equal  slopes  were  obtained,  showing  that  the  phase-con- 
tact  area  has  a  determining  influence  on  the  extraction  process,  and  that  e  and  A  depend  In  the  same  manner  on 
the  power  consumption. 
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INVESTIGATION  OF  THE  DU  ST  -  A  BSORBING  PROPERTIES  OF 


SOLUTIONS  OF  WETTING  AGENTS  IN  A  DUST  CHAMBER 

S.  Kh.  Zakieva  and  A.  B.  Taubman 

Institute  of  Physical  Chemistry,  Academy  of  Sciences,  USSR 


For  removal  of  dusts  liable  to  cause  silicosis  (quartz)  or  anthracosls  (coal)  in  the  course  of  mining  opera¬ 
tions,  water  is  generally  used  in  large  quantities  (by  means  of  irrigated  drilling,  spaying,  the  use  of  water  cur¬ 
tains,  etc.).  The  dust-absorbing  properties  are  Improved  by  addition  of  wetting  agents, which  improve  wetting 
and  trapping  of  the  solid  particles  by  water.  These  agents  include  surface-active  substances  such  as  Sulfonol, 
OP-7,  OP-10,  DB,  and  others  [1].  Practical  experience  with  the  use  of  such  additives  shows  that  the  residual  dust 
content  of  the  shaft  air  can  be  reduced  2  to  3-fold  and  can  often  be  brought  to  the  permissible  level  [2]. 


13 


Fig.  1.  Apparatus  for  determination  of  the  dust-ab¬ 
sorbing  capacity  of  solutions  of  wetting  agents  in  a 
dust  chamber;  1)  dust  chamber;  2)  sprayer;  3)  re¬ 
ceivers;  4)  fan;  5)  water  jet;  6)  tank  with  water  or 
solution;  7)  filling  hole  for  tank;  8,  9,  10)  valves; 
11)  monometer;  12)  tap;  13)  tube;  14)  overflow. 


Physicochemical  studies  and  comparative 
evaluation  of  the  dust-absorbing  action  of  different 
wetting  agents  are  of  great  importance  in  this  con¬ 
nection. 

Several  wetting  agents  have  been  studied  in 
detail  by  means  of  a  dropping  apparatus  [3],ln  which 
floating  dust  particles  are  trapped  by  single  drops 
of  liquids  falling  through  a  dusty  space;  this  study 
revealed  the  general  laws  governing  the  influence 
of  wetting  agents,  in  relation  to  their  chemical 
composition  and  structure,  the  molecular  nature  and 
dispersity  of  the  dust,  and  other  factors,  on  the  dust¬ 
absorbing  properties  of  water. 

In  the  present  Investigation  we  tested  wet¬ 
ting  agents  in  a  laboratory  dust  chamber  1  m*  in 
capacity  (Fig.  1);  this  investigation  was  of  special 
interest  because  results  obtained  under  conditions 
similar  to  the  industrial  conditions  of  dust  removal 
by  means  of  sprays  in  shafts  are  of  greater  practical 
significance  than  results  obtained  with  the  laboratory 
dropping  apparatus. 


It  was  shown  earlier  [5]  that  when  solutions  of  wetting  agents  are  used  instead  of  water, organic  particles  of 
the  wetting  agent,  which  do  not  cause  silicosis,  are  formed  in  the  sprayed  volume  as  the  result  of  evaporation  of  the 
droplets;  in  consequence,  counting  methods  give  erraneous  results  in  determinations  of  dust  content  and  the  dust¬ 
absorbing  action  of  the  solutions. 

Moreover,  gravimetric  methods  cannot  be  used  in  chamber  tests,  as  the  removal  of  air  samples  containing 
sufficient  dust  causes  a  considerable  decrease  of  the  dust  concentration  in  the  chamber. 


We  therefore  developed  a  special  method  in  which  the  dust-absorbing  power  of  water  and  solutions  of  wet¬ 
ting  agents  is  estimated  from  the  turbidity  of  the  suspensions  formed  by  the  dust  trapped  by  the  sprayed  liquid. 
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A 


Fig.  2.  Sedimentation  curves  of  quartz  dust  in 
the  dust  chamber:  A)  dust  content  (in  n  •  10'^ 
particles  /  cm*);  B)  time  t  (minutes). 


The  relative  efficiency  of  dust  removal  (E)  was  defined 
as  the  ratio  of  the  turbidity  Tj  of  the  suspension  of  dust 
in  a  solution  of  the  wetting  agent  to  the  turbidity  of 
a  suspension  of  dust  in  water  [3]: 


Since  the  dust  concentration  changes  continuously 
during  the  experiment  as  the  result  of  sedimentation  of 
the  largest  fractions,  the  determinations  were  started  after 
7-8  minutes,  when  the  Initial  concentration  could  be  re¬ 
garded  as  almost  unchanged.  The  sedimentation  curves 
for  quartz  dust  (Fig.  2)  show  that  the  Initial  dust  content 
under  these  conditions  was  2.5-3. 0  *  10^  particles  per 
cm*.  These  determinations  of  the  initial  dust  content  of 
the  chamber  space  were  performed  by  the  counting  method 
with  the  aid  of  the  VDK  flow  ultramicroscope  [6].  Samples 
were  taken  from  approximately  half  way  up  the  chamber. 


Effect  of  Concentration  of  RAS-Na  Solution  on  its  Dust- Absorbing  Power 


Concentration  of 
wetting  agent, 
C(%) 

mm 

Dust 

0  (water) 

1.0 

Quartz 

0.25 

1.37 

Quartz 

0.5 

1.67 

Quartz 

1.0 

1.85 

Quartz 

1.0 

2.22 

Coal 

The  chamber  was  sprayed  by  means  of  water  jet  under  an  excess  pressure  of  3.0  atmos;  the  water  droplet 
diameter  distribution  was  as  follows:  30-50  fi  67.3%,  50-100  100-200  fi  10.7%  and  >  200  fi  9.9%. 

The  materials  used  for  the  study  were  dust  of  Baleisk  origin, containing  about  60%  Si02,  and  coal  dust  (from 
the  "Yaslnovka"  pit  of  the  Donets  field)  of  a  degree  of  dlspersity  corresponding  to  floating  dust  (10  /i  and  finer). 

A  weighed  sample  of  dust  (1.0  g  in  the  case  of  quartz  dust,  and  3.0  g  in  the  case  of  coal  dust)  was  placed 
in  the  sprayer,  which  consists  of  a  glass  tube  with  Internal  projections  and  a  porous  filter  plate  sealed  in  at  tlie 
base  (to  prevent  ejection  of  dust  in  a  continuous  mass).  About  one  minute  before  the  start  of  the  experiment, 
the  fan  was  switched  on;  this  caused  vigorous  turbulent  motion  of  the  air  in  the  chamber,  so  that  the  dust  was 
distributed  uniformly  throughout  the  chamber.  The  dust  sample  was  then  gradually  blown  out  of  the  sprayer  by 
means  of  an  air  stream  from  the  air  blower.  When  the  process  was  complete,  the  sprayer  was  removed  from  the 
chamber,  the  opening  was  closed  by  means  of  a  plug,  and  the  fan  was  switched  off. 

After  the  dust  had  been  allowed  to  settle  quietly  for  7  minutes,  the  spraying  was  started;  for  this,  water 
(or  a  solution  of  wetting  agent)  was  fed  into  the  jet  from  the  tank  at  3  atmos  excess  pressure.  As  the  jet  was 
turned  on,  the  lids  of  the  receivers  were  opened  (by  means  of  a  device  outside  the  chamber)  and  a  sample  was 
taken  during  one  minute.  The  suspension,  collected  from  four  receivers,  was  transferred  to  a  measuring  flask. 

In  experiments  on  spraying  with  pure  water,  the  wetting  agent  was  added  to  the  suspension  to  act  as  a  stabilizer. 
A  blank  experiment  for  determination  of  the  correction  for  free-settling  dust  was  performed  in  parallel  with  the 
main  experiment.  The  turbidity  of  the  suspensions  was  determined  by  means  of  the  "NMF"  nephelometer. 
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Fig.  3.  Effect  of  concentration  of 
RAS-Na  solution  on  its  dust-absorb- 


Data  on  the  dust- absorbing  capacity  of  solutions  of  the  new 
wetting  agent  RAS-Na,  synthezised  in  the  Institute  of  Petroleum, 
Academy  of  Sciences,  USSR*  ,  determined  for  quartz  and  coal 
dust,  are  presented  in  the  table. 

Figure  3  is  a  plot  of  the  dust-absorbing  power  (E)  of  RAS-Na 
solutions  as  a  function  of  concentration  of  the  wetting  agent,  de¬ 
termined  In  experiments  on  coal  dust.  The  dash  line  represents 
the  isotherm  of  the  dynamic  surface  tension  corresponding  to  a 
time  of  drop  formation  (  r)  of  2  seconds  [8]  for  the  same  solutions. 

These  results,  which  agree  with  data  obtained  with  the  drop¬ 
ping  apparatus,  lead  to  the  conclusion  that  our  special  dust-chamber 
method  for  determination  of  the  dust- absorbing  power  of  solutions 
of  surface-active  wetting  agents  is  a  convenient  method  for  selec¬ 
tion  of  effective  wetting  agents  on  the  pilot-plant  scale. 


ing  power:  E)  dust-absorbing  power; 
C)  concentration  of  wetting  agent 
(‘7o):  o)  surface  tension  (ergs  /cm^. 


SUMMARY 

1.  A  special  laboratory  dust-chamber  method  has  been  de¬ 
veloped  for  estimation  of  the  dust- absorb  ing  action  of  solutions  of 


suface-active  substances  used  as  wetting  additives  in  water,  used  for  removal  of  dusts  liable  to  cause  silicosis  or 


anthracosis  in  mining  operations  and  coal  winning. 


2.  The  new  synthetic  wetting  agent  RAS-Na  is  an  effective  additive,  which  increases  the  dust-absorbing 
power  of  water. 
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METHODS  FOR  CALCULATION  OF  MASS  TRANSFER  IN 
EQUIPMENT  WITH  CONTINUOUS  VARIATION  OF  DRIVING 
FORCE  IN  APPARATUS  OF  THE  STEPWISE  TYPE 

V.  M.  Govorkov  and  Ya.  D.  Averbukh 


In  the  paper  by  Planovskll  and  Kasatkin,  entitled  "Methods  for  expressing  the  driving  force  of  diffuslonal 
processes"  [1],  the  minimum  distinction  is  made  between  the  calculation  methods  for  the  above-named  types 
of  equipment. 

As  we  consider  It  necessary  and  useful  to  distinguish  between  these  respective  calculation  methods,  we 
share  the  views  of  Stabnikov  [2]  put  forward  in  his  comments  on  the  cited  paper  [1],  concerning  the  suitability 
of  the  concepts  of  "theoretical  plate"  and  "plate  efficiency",  l.e.,  the  view  that  concepts  characteristic  of  the 
operation  of  apparatus  of  the  stepwise  type  should  be  retained.  Disregard  of  the  distinction  between  calculation 
procedures  for  apparatus  of  the  stepwise  type  and  apparatus  with  continuous  variation  of  the  driving  force,  and, 
even  more,  formal  application  of  the  calculation  methods  used  for  one  type  to  the  other,  is  unrealistic  and  un¬ 
productive. 

In  equipment  of  the  packed  or  spray  (nonsectional)  type,  such  as  the  absorber  shown  in  Fig.  1,  the  difference 
between  the  concentrations  of  the  absorbed  substance  in  the  gas  and  the  liquid,  i.e.,  the  driving  force  of  absorp¬ 
tion,  varies  continuously  and  steadily  during  the  process  and  conforms  to  a  general  law  at  any  region  of  the  pack¬ 
ing,  however  small  its  height  and  however  small  its  absorption  area.  It  is  because  of  this  condition  that  the 
dimensions  of  the  apparatus  can  be  determined  by  integration  of  the  original  equation  for  mass-transfer  rate 


— Gdy  =  Ldx  =  Kj,<dF  {y  —  y*) 


(1) 


between  y^  and  yf. 

In  Equation  (1)  Gdy  represents  the  amount  of  substance  absorbed  by  the  liquid  from  the  gas  in  unit  time  over 
area  dF;  Kp  is  the  absorption  rate  coefficient  per  unit  area  of  packing,  and  (y~y")  is  the  driving  force  of  the  pro¬ 
cess,  which  varies  from  (y~y*)j[  to  (y~y*)fi  where  ^  is  the  existing  concentration  of  the  absorbed  substance  in  the 
gas,  and  y*  =  f(x)  is  the  concentration  of  this  substance  over  the  surface  of  the  liquid,  in  equilibrium  with  the 
concentration  of  the  latter. 

If  the  relationship  between  y"  and  x  is  linear,  integration  of  Equation  (1)  yields  the  formula  for  calculation 
of  the  packing  area 


-?/f) 


(2) 


where  Ay^^^  is  the  average  driving  force  for  the  process  as  a  whole,  given  by  the  expression 


A?/av=" 


(y  — (?/  — V*)f 


In 


(y-y*)i 

(y-y*)f 
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If  the  relationship  between  y*  and  x  is  nonlinear,  the  pack¬ 
ing  area  is  determined  by  graphical  integration  of  Equation  (1); 
the  procedure  for  this  is  described  in  many  textbooks  and  manuals 
on  processes  and  equipment. 

We  must  emphasize  that  the  fundamental  principle  both  in 
analytical  and  in  graphical  Integration  of  Equation  (1)  which  makes 
this  calculation  method  valid  is  continuous  variation  of  the  driv¬ 
ing  force.  Therefore,  calculation  of  the  absorption  area  by  integra¬ 
tion  of  Equation  (1)  is  unconditionally  valid  both  for  packed  and 
for  simple  spray  equipment  in  which  the  motion  of  the  liquid 
(downward)  and  the  gas  (usually  upward)  is  steady  and  uniform 
along  the  whole  apparatus,  with  continuous  and  monotonic  vari¬ 
ations  of  the  active  concentrations  of  the  liquid  and  gas,  and  there¬ 
fore  of  the  driving  force. 

An  entirely  different  type  of  motion  of  the  liquid  and  gas, 
and  therefore  a  different  type  of  variation  of  the  driving  force, In 
course  of  the  process  ,  is  met  in  equipment  of  the  plate  or  sectional  type. 

Here  the  physical  separation  of  the  equipment  into  plates  or  sections  results  in  movements  of  the  gas  and 
liquid  which,  although  similar  and  repeated  at  each  plate  or  in  each  section,  do  not  ultimately  combine  into  a 
single,  monotonic,  and  internally  entirely  continuous  motion.  Acccordingly,  the  concentration  variations,  which 
conform  to  similar  laws  within  each  stage  of  the  apparatus  (plate  or  section),  do  not  as  a  whole  constitute  a  truly 
continuous  variation  along  the  entire  apparatus,  which  conforms  within  the  apparatus  as  a  whole  to  laws  operative 
within  each  stage.  The  sum  of  such  consecutive  concentrational  changes  cannot  be  expressed  by  integration  for  the 
whole  volume  or  the  whole  surface  of  the  apparatus,  as  is  done  for  internally  continuous  steady  processes  in  packed 
or  sprayed  scrubbers.  Other  methods  for  calculation  of  the  equipment  dimensions  should  be  and  are  applied  in  this 
case. 

Calculations  relating  to  equipment  of  the  stepwise  type  are  based  on  the  number  of  required  sections  or 
plates.  The  method  of  "theoretical  contacts"  is  widely  used.  This  is  based  on  the  concept  of  a  "theoretical  con¬ 
tact"  (theoretical  plate),  corresponding  to  contact  between  the  gas  and  liquid  such  that  a  state  of  equilibrium  is 
reached  at  the  exit  between  the  concentrations  of  the  mass-transfer  phases. 

The  number  of  contact  units  (plates  or  sections)  actually  required  is  determined  as  follows:  the  required 
number  of  theoretical  contact  units  is  found  by  well-known  methods,  and  divided  by  the  experimental  value  for 
the  efficiency  of  tire  contact  unit*  . 

This  calculation  method  for  equipment  of  the  stepwise  type  takes  into  account  the  specific  stepwise  varia¬ 
tions  of  the  driving  force  in  the  process,  but  it  cannot  be  regarded  as  fully  satisfactory.  The  main  defect  of  this 
method  is  that  the  value  of  the  efficiency,  common  for  all  the  contact  units,  used  in  this  instance,  i.e.,  the  ratio 
of  the  number  of  theoretical  contact  units  to  the  number  required  in  practice: 

”theor 

^0=7; - ’ 

pract 

is  a  formal  concept  which  does  not  reflect  the  nature  of  the  mass-transfer  processes  in  the  contact  stage. 

If  the  relationship  is  nonlinear 

y*=  f(x)  •  • 


Fig.  1.  Diagram  of  packed  absorber. 


•  In  our  opinion,  the  "over-all  efficiency"  of  the  apparatus  is  a  better  term  here  than  the  efficiency  of  the  con¬ 
tact  unit. 

*  •  In  rectification  equipment  there  is  always  a  curvilinear  relationship  between  the  equilibrium  concentration y* 
and  the  liquid  concentration  x,  as  they  are  taken  at  varying  boiling  points. 
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the  over- all  efficiency  of  the  contact  unit  also  depends  on  the  concentrations  of  the  absorbed  component  over 
given  sections  of  tlie  process.  In  consequence  the  over-all  efficiency  must  differ  for  different  contact  units  at 
different  heights  of  the  apparatus,  and  also  for  the  experimental  and  planned  apparatus  when  used  in  different 
ranges  of  concentration. 

A  more  rational  method  for  calculation  of  stepwise  equipment  is  based  on  the  concept  of  local  plate  ef¬ 
ficiency,  introduced  by  Murphree  in  1925. 


The  local  efficiency  represents  the  actual  approach  of  the  mass-transfer  phases  to  a  state  of  equilibrium, 
resulting  in  the  given  contact  unit,  and  Is  therefore  a  distinctive  measure  of  the  contact  efficiency. 


In  contrast  to  over-all  efficiency,  the  local  contact  efficiency  is, under  certain  conditions, independent  of  the 
concentration  of  the  transferred  substance  and  under  given  hydrodynamic  conditions  it  is  constant  for  all  the  con¬ 
tacts  of  the  apparatus  [3].  For  example,  in  rectification  columns  under  the  condition  that  the  vapor  and  liquid 
are  completely  mixed  within  tlie  contact  unit,  which  is  very  nearly  true  in  a  number  of  cases  (Fig.  2),  we  have 


—  Vn 
?/»*  —  Vn 


const, 


(3) 


where  F  is  the  phase-contact  area  on  the  plate,  and  Kp  is  the  mass-transfer  coefficient  per  unit  of  this  area. 

Despite  tlie  difficulty  of  determining  KpF  under  bubbling  conditions.  Equation  (3)  is  valuable  in  that  It  pro¬ 
vides  a  connection  between  local  efficiency  and  the  fundamental  mass-transfer  Equation  (1),  and  therefore  gives 
a  definite  relationship  between  local  efficiency  and  actual  operating  conditions. 

Constancy  of  is  the  basis  of  the  method  used  for  determination  of  tlie  actual  number  of  contact  units 
necessary.  In  this  case  (Fig.  2)  curve  III,  the  line  for  the  actual  vapor  composition,  corresponding  to  the  expres¬ 
sion 


,/  =z  (r)  =  ;/  (y*  —  y) 


is  drawn  between  the  operating  line  I  and  the  equilibrium  curve  II. 

The  graphical  construction  for  determination  of  the  number  of  contact  steps  from  the  operating  line  I  and 
the  actual  vapor  composition  curve  III  is  analogous  to  that  used  for  determination  of  the  number  of  theoretical 
plates,  but  this  construction  gives  the  number  of  actual  contact  units  necessary. 

Thus.because  of  the  difference  between  the  course  of  processes  in  packed  equipment  (with  continuous  vari¬ 
ation  of  the  driving  force,  both  over  the  apparatus  as  a  whole  and  over  any  part  of  the  packing)  and  in  apparatus 
of  the  stepwise  type  (with  stepwise  variations  of  the  driving  force),  the  calculation  methods  used  differ  in  prin¬ 
ciple. 

Both  these  methods  Involve  certain  difficulties  in  design  calculations,  primarily  because  it  is  necessary  to 
use  values  determined  experimentally,  but  each  one  is  a  correct  reflection  of  the  specific  character  of  the  process 
in  the  particular  kind  of  apparatus  to  which  it  is  applied,  and  therefore  these  methods  have  a  real  basis  for  further 
improvement  and  extension.  Procedures  in  which  these  calculation  methods  are  mixed,  and  in  which  calculation 
techniques  for  equipment  of  the  one  group  are  applied  to  equipment  of  the  other  groups,  must  be  regarded  as  purely 
formal  and  unproductive. 

Procedures  for  combining  (or,  more  correctly,  mixing)  calculation  methods  suitable  for  equipment  of  the 
packed  and  stepwise  types  respectively,  with  the  aid  of  the  concept  of  the  transfer  unit,  are  now  being  widely  ad¬ 
vocated. 

The  packing  area  of  the  apparatus  can  be  written  as  F  =  aSH  m*,  where  £  Is  the  specific  surface  of  the  pack¬ 
ing  (in  mVm^),  S  is  the  cross-sectional  area  of  the  apparatus  (in  m*)  and  H  is  the  packing  height  (in  m). 


With  the  aid  of  Equation  (1)  the  packing  height  can  be  expressed  as  follows: 

yf 

_ G _ r  (l]i 

~  nSK  J  ?/  — y*  • 


Yi 


(4) 
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In  tills  last  expression 


"'f 

r  dy  __  VI -yf  _ 
J  V  —  V*  “  (v ^  V* )  av~ 

n 


(5) 


m  is  known  as  the  total  number  of  transfer  units,  and  represents  the  change  of  the  actual  concentration  of  the  trans¬ 
ferred  substance  per  unit  average  driving  force  of  the  process.  Introduction  of  m  Into  Equation  (4)  gives 


H  = 


aSK, 


where  the  term  ■  represents  the  section  of  the  packing  height  h,  over  which  the  change  of  the  active  con- 

fl  oK.p  —  ® 

centration  of  the  transferred  substance  is  equal  to  the  driving  force  of  the  process;  this  is  termed  the  height  of  a 
transfer  unit. 


Fig.  2.  Calculation  of  the  number  of 
contacts  actually  necessary:  I)  operating 
line:  y  =  ax  +  b;  II)  equilibrium  curve: 
y*  =  f(x);  III)  curve  for  the  actual  vapor 
composition:  y'  =  </»(x). 


Since  the  height  of  a  transfer  unit  is  constant  over  any 
section  of  the  packing  for  an  apparatus  of  given  design  operat¬ 
ing  under  given  hydrodynamic  conditions,  l.e.,  at  constant  mass- 
transfer  coefficient  Kp  and  constant  £  and  G,  determination  of 
the  height  of  a  transfer  unit  is  very  simple.  The  total  packing 
height  is 


H  =  hm 


(6) 


where  h,  the  height  of  a  transfer  unit,  can  be  found  experimen¬ 
tally,  and  m,  the  number  of  transfer  units,  can  be  calculated 
by  different  methods. 

As  is  known,  if  the  relationship  y*  =  f(x)  is  linear,  m 
can  be  calculated  directly  by  integration  of  Equation  (5),  and 
if  the  equilibrium  relationship  is  nonlinear,  it  can  be  found  by 
graphical  integration  or  by  special  construction  (graphical 
solution)  with  the  aid  of  the  equilibrium  and  operating  lines  [4]. 


Continuous  variation  of  the  driving  force  of  the  process 
is  assumed  in  Equation  (1)  and  in  Equation  (4)  and  (5) ,  derived 
from  it.  Therefore,  whatever  the  method  used  for  determining  the  number  of  transfer  units,  it  must  be  remem¬ 
bered  that  the  real  basis  of  the  method  is  continuous  variation  of  the  driving  force,  conforming  to  a  common  law 
along  the  entire  apparatus,  and  this  is  only  true  for  apparatus  of  the  packed  or  spray  types. 


Therefore,  the  method  of  transfer  units  is  in  principle  applicable  to  apparatus  of  these  types. 


As  already  stated,  stepwise  equipment  (of  the  bubbling  and  mechanical  types)  is  characterized  by  peculiar 
discontinuous  variations  of  the  driving  force,  radically  different  from  variations  of  the  driving  force  in  packed 
apparatus.  Although  the  graphical  representation  of  the  driving  force  of  the  process  has  the  same  external  ap¬ 
pearance  for  both  types  of  apparatus,  the  meaning  of  the  respective  diagrams  is  entirely  different.  Whereas  the 
operating  line  for  a  packed  apparatus  can  be  regarded  as  a  graphical  representation  of  the  continuous  variation 
of  the  concentrations  of  the  mass- transfer  phases  along  the  entire  path  of  their  contact,  i.e.,  at  any  region  of 
the  packing  surface,  the  operating  line  for  a  stepwise  apparatus  represents  only  the  relationship  between  the  con¬ 
centrations  in  the  spaces  between  the  contact  units,  and  does  not  reflect  this  relationship  within  the  contact  unit 


(Fig.  3),  since  here  the  phases  are  not  truly  countercurrent. 


dy 

Therefore  integration  of  the  expression  [Equation 


(5)] ,  which  is  the  basis  of  the  concept  of  a  transfer  unit,  in  tlie  limits  representing  the  driving  force  in  the  inter¬ 
contact  spaces,  is  a  purely  formal  operation  in  which  the  real  process  conditions  ate  disregarded.  This  applies 
equally  to  integration  in  the  limits  (y~y*  )f""(y“y*  )ii  when  the  number  of  transfer  units  of  the  whole  apparatus 
is  determined,  and  to  Integration  in  the  limits  (y~y*  )n  + i~()^~y*  )n.  when  the  number  of  transfer  units  correspond¬ 
ing  to  one  contact  unit  is  determined. 
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Fig.  3.  Schematic  diagram  of  stepwise  ap¬ 
paratus  and  section  of  the  diagram  for  graph¬ 
ical  determination  of  the  number  of  theoreti¬ 
cal  plates. 


Application  of  the  transfer-unit  method  to  calcula¬ 
tions  relating  to  equipment  with  stepwise  variations  of  the 
driving  force  does  not  Introduce  any  advantages  or  simpli¬ 
fications  into  the  calculation  method,  and  in  some  cases 
it  leads  to  evident  errors. 

For  example,  Planovskli  and  Kasatkin  [4]  determine 
the  number  of  plates  in  a  bubbling  absorption  tower  by 
finding  the  total  number  of  transfer  units  for  the  apparatus 
and  dividing  it  by  nj,  the  number  of  transfer  units  correspond¬ 
ing  to  one  plate.  It  is  evident  that  this  implies  the  number 
iij  of  transfer  units,  corresponding  to  any  plate  of  the  ap- 
peratus.  Thus,  this  condition  holds  only  if  the  equilibrium 
relationship  is  linear.  If  the  equilibrium  relationship  is 
nonlinear,  n^  is  not  constant*  ,  and  the  recommended  method 
is  very  unreliable. 


The  convenvience  of  the  transfer-unit  method  used 
In  conjunction  with  the  tlieoretlcal-plate  method,  recom¬ 
mended  by  Kasatkin  [5]  for  calculations  relating  to  packed  towers  when  the  equilibrium  relationship  is  nonlinear 
is  very  doubtful.  It  is  recommended  to  find  the  number  of  theoretical  plates  ("concentration  steps")  by  the  usual 
graphical  method  with  the  aid  of  the  operating  and  equilibrium  lines,  and  then  to  find  the  corresponding  number 
of  transfer  units  for  each  theoretical  plate.  The  packing  height  is  then  given  as  the  product  of  the  sum  of  the  trans¬ 
fer  units  for  all  the  theoretical  plates  and  the  height  of  a  transfer  unit. 


It  is  easy  to  see  that  this  method  has  the  same  disadvantages  as  the  method  of  the  equivalent  packing  height, 
and  is  hardly  more  convenient  to  use  than  direct  graphical  integration  of  Equation  (1). 

Tire  graphical  method  proposed  by  Kasatkin  [5]  for  determination  of  the  number  of  plates  in  a  rectification 
column,  based  on  the  concept  of  transfer  numbers,  is  applicable  in  principle  to  stepwise  equipment,  since  its  basis 
is  analysis  of  mass- transfer  conditions  on  the  plate  Itself. 


However,  even  in  this  case  the  use  of  the  transfer- unit  concept  has  not  made  the  calculations  more  precise 
than  calculations  with  the  aid  of  the  local  plate  efficiency.  It  is  easy  to  see  that  the  same  result  is  obtained  in 
calculations  based  on  transfer  units  and  on  local  efficiency,  as  Cy*  •  is  a  transformed  expression  of  the  lattter. 

Thus,  use  of  the  transfer-unit  concept  introduces  nothing  new  into  calculations  relating  to  equipment  of  the 
sectional  type,  either  with  regard  to  accuracy  or  with  regard  to  correspondence  of  the  calculation  method  to  the 
true  course  of  the  process. 


We  must  point  out  that  the  long-established  method  for  calculations  of  packed  towers  in  terms  of  the  num¬ 
ber  of  theoretical  plates  ("concentration  steps")  is  equally  erroneous  in  this  respect. 


In  this  case  the  number  of  theoretical  plates  is  determined  by  graphical  construction.  An  experimental 
value  —  the  equivalent  packing  height  —  is  then  Introduced;  this  is  multiplied  by  the  number  of  plates  found,  to 
give  die  total  packing  height  in  the  apparatus. 

This  method  for  calculating  the  height  of  packed  equipment  is  very  simple,  but  the  results  are  often  insuf¬ 
ficiently  accurate,  and  therefore  it  should  be  abandoned. 

This  calculation  method  will  always  give  equal  numbers  of  theoretical  plates  for  packed  towers  operating 
under  the  most  diverse  conditions,  but  with  particular  substances  within  given  concentration  ranges.  Neither  the 
packing  characteristics  nor  the  hydrodynamic  regime  in  the  apparatus  are  reflected  in  the  number  of  theoretical 
plates;  they  must  be  taken  into  account  by  means  of  the  experimental  value  for  the  equivalent  packing  height. 

Thus,  with  this  method  for  calculation  of  packed  towers  we  not  only  arbitrarily  distort  the  course  of  the  pro¬ 
cess,  but  also  lose  touch  to  a  considerable  extent  with  the  actual  operating  conditions,  and  lose  the  possibility  of 
determining  clearly  the  influence  of  different  operating  conditions  on  the  efficiency  of  the  apparatus. 


•  The  fact  that  ng  is  not  constant  when  the  equlibrium  relationship  is  nonlinear  is  also  evident  from  Equation 
(18-36)  recommended  [4]  for  determination  of  ng. 

•  •  See  Equation  (3-153a)  in  A.  G.  Kasatkin's  book  [5]. 
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It  Is  evident  that  successful  calculations  of  packed  towers,  based  on  the  number  of  theoretical  plates  re¬ 
quire  extensive  Investigations  of  the  relationship  between  the  equivalent  packing  height  and  the  actual  operating 
conditions.  However,  even  If  such  investigations  are  carefully  performed,  the  calculation  method  will  be  Inac¬ 
curate  In  the  majority  of  cases,  namely,  when  the  equilibrium  relationship  y*  =  f(x)  (Fig.  2)  Is  represented  by  a 
curve. 

By  using  the  equivalent  packing  height  In  the  calculation,  we  assume  that  the  same  packing  area  is  equiv¬ 
alent  to  each  theoretical  plate  (step).  However,  packing  areas  equivalent  to  Individual  theoretical  plates  will  be 
equal  only  if  the  equilibrium  relationship  Is  linear,  as  can  be  easily  shown  If  Equation  (1)  Is  applied  to  each  plate 
separately.  If  the  relationship  y*  =  f(x)  Is  nonlinear,  the  packing  areas  equivalent  to  Individual  theoretical  plates 
will  not  be  equal  to  each  other,  so  that  it  is  obviously  impossible  to  estimate  the  latter  in  terms  of  the  same  equiv¬ 
alent  packing  height.  When  y*  =  f(x)  Is  nonlinear,  each  theoretical  plate  Is  equivalent  to  a  different  packing 
height,  dependent  on  the  phase  concentration  at  the  given  step,  and  the  substitution  of  equal  packing  regions  for 
all  the  theoretical  plates  In  calculations  relating  to  packed  towers,  l.e..  Introduction  of  a  certain  constant  equiv¬ 
alent  packing  height.  Is  Incorrect,  to  say  nothing  of  the  crude  formality  of  this  procedure. 

Therefore  the  concept  of  the  equivalent  packing  height  should  be  rejected  in  calculations  relating  to  packed 
towers;  It  Is  valid  only  If  the  equilibrium  relationship  Is  linear,  and  does  not  make  the  calculations  any  simpler 
than  the  direct  use  of  Equations  (1)  and  (2). 

Since  the  physical  nature  of  the  process  should  be  reflected  In  the  calculations,  the  following  conclusions 
may  be  drawn. 

1.  Calculations  relating  to  mass-transfer  equipment  with  continuous  variations  of  the  driving  force  shduld 
be  based  on  the  fundamental  mass-transfer  Equation  (1).  If  the  equilibrium  relationship  Is  linear,  the  value  of  the 
average  driving  force  may  be  used  In  the  calculations;  If  It  is  nonlinear,  graphical  Integration  of  Equation  (1)  Is 
necessary.  In  this  case  the  transfer-unit  method  Is  a  variant  of  the  fundamental  method,  and  is  suitable  whenever 
tlie  process  conditions  make  clear  definition  of  the  phase-contact  area  difficult. 

2.  Calculations  relating  to  equipment  of  the  stepwise  type,  with  peculiar  stepwise  variations  of  the  driving 
force,  should  be  performed  graphically, with  the  aid  of  the  concept  oflocal  plate  efficiency. 

3.  Mixing  of  these  two  methods  is  a  formal  device,  which  does  not  represent  the  nature  of  the  processes  and 
Is  therefore  unproductive. 
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GENERAL  FORM  OF  CRITERIAL  EQUATIONS  FOR  MASS 
TRANSFER  IN  EQUIPMENT  WITH  FIXED  INTERFACIAL  AREA 

L.  D.  Berman 


In  a  recent  paper  Kafarov  [1]  stressed  the  great  practical  Importance  of  the  similarity  principle  for  Inves¬ 
tigations  of  processes  and  equipment  In  chemical  technology. 

At  the  same  time,  attention  should  be  drawn  to  the  tendency  to  overestimate  Its  role  and  potentialities 
which  Is  apparent  In  a  number  of  publications.  The  similarity  theory,  which  provides  a  strict  scientific  basis  for 
analysis  of  experimental  data  and  which  In  that  sense  Is  a  powerful  research  tool,  can  only  yield  generalized  ex¬ 
pressions  of  the  relationships  between  the  quantltltes  chosen  as  measures  of  a  given  process.  The  range  of  appli¬ 
cability  of  the  quantitative  expressions  so  obtained  proves  to  be  much  wider  than  the  applicability  ranges  of  purely 
empirical  formulas.  However,  the  similarity  theory  Is  applicable  only  when  a  correct  model  of  the  given  process 
has  been  constructed, and  when  the  principal  parameters  required  for  definition  of  the  given  class  of  phenomena 
have  been  determined  [2].  Studies  of  the  mechanism  and  general  laws  governing  the  phenomena  In  question  are 
within  the  scope  of  special  theoretical  and  experimental  Investigations. 

If  a  system  of  similarity  criteria,  adopted  without  adequate  analysis  of  the  mechanism  of  the  effect  under 
consideration.  Is  used  for  analysis  of  experimental  data,  the  consequence  Is,  as  has  been  pointed  out  earlier  [3-5], 
that  the  experlmerital  relationships  so  obtained  do  not  in  reality  have  the  advantages  characteristic  of  crlterlal 
equations.  Moreover,  a  quantitative  relationship  which  Is  In  essence  purely  empirical,  but  which  Is  presented  In 
the  form  of  an  equation, Involving  criteria  which  do  not  reflect  sufficiently  fully  the  characteristics  of  the  given 
phenomenon,  gives  rise  to  the  wrong  Idea  that  It  can  be  extended  to  conditions  other  than  those  under  which  the 
experiments  were  carried  out.  This  leads  to  Improper  practical  use  of  such  an  empirical  relationship,  which  has 
only  a  very  limited  range  of  applicability. 

Such  errors  stem,  In  particular,  from  the  widely  held  but  Incorrect  concept  that  the  equation  connecting  the 
criteria  from  mass  transfer  In  conditions  of  a  fixed  Interphase  area  (surface  absorbers,  wetted-wall  equipment,  sur¬ 
face  rectification  and  condensation  equipment,  etc.)  have  the  general  form  for  a  given  phase  (liquid  or  gas) 


Nuj)  =  A  •  lie"'  • 


(1) 


analogous  to  the  heat-transfer  equation: 


Nu  =  A  •  He”'  •  Pr”,  ^2) 

0Z  wl 

where  Nu£)  =  ^  is  ih®  Nusselt  diffusion  criterion  •  (or  the  Sherwood  criterion  Sh),  Re  =  Is  the  Reynolds  criterion 


•  We  cannot  agree  with  the  Interpretation  of  the  physical  meaning  of  the  Nusselt  and  Reynolds  criteria  given  In  the 
review  in  question  [1].  The  author  considers  that  the  Nusselt  criterion  is  "a  quantitative  measure  of  the  increase  of 
mass  (or  heat)  transfer  due  to  turbulence,  relative  to  purely  molecular  transfer"  and  that  the  Reynolds  criterion 
Is  "  a  quantitative  measure  of  the  ratio  between  tubulent  and  molecular  friction  forces."  If  this  were  true,  these  cri¬ 
teria  could  not  have  finite  values  and  they  could  not  be  used  under  conditions  of  purely  laminar  liquid  flow,  in  ab¬ 
sence  of  turbulent  transfer  (of  momentum,  mass,  or  heat).  In  reality.  Re  is  a  measure  of  the  ratio  of  the  Inertia 
forces  in  the  stream  to  the  forces  of  Internal  friction.  With  regard  to  Nup  (or  Nu),  this  criterion  follows  from  a 
purely  formal  definition  of  the  coefficient  of  mass  transfer  (or  heat  transfer)  which  does  not  reflect  the  true  nature 
of  the  relationship  between  the  flow  rate  of  mass  (or  heat)  and  the  process  conditions  [2]. 
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PFj^  "  q  Prandtl  diffusion  criterion  (or  the  Schmidt  criterion  Sc);  Nu  Is  the  Nusselt  thermal  criterion, 

v 

Pr  =  -  is  the  Prandtl  thermal  criterion,  3  Is  the  mass-transfer  coefficient,  D  Is  the  diffusion  coefficient.  1/  Is  the 

a  ’ 

coefficient  of  kinematic  viscosity,  a  is  the  heat-transfer  coefficient,  X  is  the  coefficient  of  thermal  conductivity, 
I  Is  the  determining  linear  dimension,  and  a  is  the  coefficient  of  temperature  conductivity. 


In  reality,  although  Equation  (1)  can  be  applied  in  many  cases  of  practical  importance,  it  refers  only  to 
certain  definite  conditions.  Its  unjustified  extension  to  other  conditions  sometimes  leads  to  the  result  that  re¬ 
lationships  of  this  type  derived  by  different  authors  differ  substantially  from  each  other,  or  even  that  the  experi¬ 
mental  results  cannot  be  interpreted  at  all  with  the  aid  of  such  equations. 

In  the  general  case,  the  crlterial  equation  for  mass  transfer  for  a  fixed  interfacial  area  should  include,  in 
addition  to  Re  and  Pr^,  other  determining  criteria,  the  role  of  which  under  certain  conditions  may  be  very  con¬ 
siderable.  This  will  be  demonstrated  below  for  mass  transfer  in  a  gas  phase,  which  constitutes  a  mixture  of  sev¬ 
eral  components  in  the  case  under  consideration;  we  shall  postulate  a  binary  mixture. 

It  must  be  pointed  out  in  this  connection  that  we  cannot  agree  with  the  approach,  which  is  sometimes  used, 
whereby  separate  consideration  of  mass-transfer  in  two  interacting  phases  is  identified  with  utilization  of  the 
so-called  film  theory  [6].  The  film  theory  of  Lewis  and  Whitman  [7,  8],  which  has  for  a  long  time  been  meeting 
with  valid  objections  [  6,  9],some  of  which  have  been  put  forward  by  the  present  author  [  5,  10,  11],  is  based  on 
an  oversimplified  model  of  the  phenomenon.  According  to  this  theory,  on  each  side  of  the  interface,  there  is 
a  diffusion  layer  or  "film"  which  separates  the  main  mass  of  each  phase  from  the  interface,  and  it  is  assumed  that 
the  concentration  of  the  active  component  of  the  mixture  changes  only  within  the  limits  of  the  "film"  and  that 
only  molecular  diffusion  of  the  active  component  occurs  in  the  film.  Rejection  of  this  model,  which  does  not 
reflect  the  whole  complexity  of  the  phenomenon,  especially  with  turbulent  flow  of  the  mixture,  does  not,  however, 
necessarily  mean  that  separation  of  the  total  resistance  to  mass  transfer  into  its  components  corresponding  to  the 
liquid  and  gas  phases  should  be  abandoned,  as  this  has  been  adequately  justified  on  physical  grounds  for  many 
types  of  equipment.  The  transfer  resistance  at  the  interface  is  usually  slight  and,  as  has  been  confirmed  experiment¬ 
ally  [12,  13],  it  may  be  disregarded  in  such  cases.  The  same  applied  in  many  cases  to  the  influence  of  mechani¬ 
cal  interaction  between  the  phases  [3,  14].  In  cases  when  the  influence  of  the  pressure  drop  at  the  interface,  which 
depends  on  the  magnitude  of  the  accommodation  coefficient,  is  considerable,  as  in  instances  when  the  absolute 
pressures  are  low,  the  resultant  additional  resistance  must  be  taken  Into  account  and  added  to  the  other  partial 
resistance.  This  additivity  of  partial  resistances  to  transfer  in  presence  of  considerable  resistance  at  the  interface 
has  been  confirmed  by  recent  experiments  [15]. 

In  returning  to  the  question  of  similarity  criteria  for  mass  transfer  in  the  gas  phase,  attention  must  be  drawn 
to  the  following  characteristics  of  the  mechanism  of  this  process  in  presence  of  a  fixed  interfacial  area  which  are 
not  taken  into  account  in  Equation  (1). 

1.  Transverse  flow  of  the  substance  (active  component  of  the  mixture)  i.e.,  flow  directed  normally  toward 
the  interface,  influences  the  fields  of  longitudinal  velocities  and  partial  pressures  or  concentrations  of  the  mix¬ 
ture;  if  the  direction  of  transverse  flow  of  the  substance  is  away  from  the  surface  (as  in  desorption,  evaporation, 
etc.)  and  the  concentration  of  the  active  component  of  the  mixture  remains  unchanged  at  the  interface,  increase 
of  the  mass- transfer  rate  leads,  as  a  rule,  to  increases  in  the  thickness  of  the  hydrodynamic  and  diffusional  bound¬ 
ary  layers  and  to  decreases  of  the  velocity  and  partial-pressure  (concentration)  gradients  at  the  interface;  the 
reverse  is  the  case  if  the  transverse  flow  of  the  substance  is  directed  toward  the  interface  (as  in  absorption,  con¬ 
densation,  etc.) 

2.  In  view  of  the  fact  that  the  interface  is  usually  impermeable  to  the  inert  component  of  the  mixture, 
additional  molecular  flow  of  the  substance,  of  the  so-called  Stefan  type,  takes  place. 

3.  If  the  total  rate  of  transverse  flow  of  the  substance  is  sufficiently  high,  superposed  on  the  main  flow  of 
the  mixture  along  the  interface,  the  transfer  mechanism  may  itself  remain  unchanged  mainly  because  free  tur¬ 
bulence  arises  in  the  layer  of  mixture  Immediately  adjacent  to  the  interface. 

Because  of  these  features  of  the  mass-transfer  process  under  the  conditions  in  question,  the  analogy  breaks 
down  between  it  and  pure  heat  transfer  to  which  Equation  (2)  relates;  the  more  intensive  the  mass  transfer,  i.e.. 
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the  greater  the  density  of  transverse  flovr  of  the  substance,  the  less  does  the  analogy  apply.  If  these  features  are 
taken  into  account  in  the  derivation  of  the  original  differential  equations  (equations  of  motion*  ,  continuity,  and 
diffusion)  and  in  determination  of  the  boundary  conditions,  then  the  crlterial  equation  for  steady  mass  transfer  in 
forced  motion  assumes  the  form  [3,  16,  17] 


Nuf,  =  Nu 


i) 


Ec  =  -l>(/l.,  Pr^, 


(3) 


or,  if  the  criteria  are  so  transformed  that  the  criterion  to  be  determined  does  not  contain  Independent  variables, 
while  the  determining  criteria,  on  the  contrary, contain  only  such  variables  following  from  the  conditions: 


Mu 


n 


II,,  -G, 


(4) 


where 


II 


tr 


n./ 


A/>t 
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and  R,  and  R^^  are  the  gas  constants  for  the  mixture  and  its  active  and  inert  components  respectively;  Cq  = 


Pji 

P 


is  the  volume  (molar)  content  of  the  inert  component  of  the  mixture;  g^  is  the  density  (gravimetric)  of  the  trans¬ 
verse  flow  of  the  substance;  v  and  y  are  the  coefficients  of  kinematic  viscosity  and  density  of  the  mixture;  Ap^ 
is  the  difference  between  the  partial  pressures  of  the  active  component  of  the  mixture  in  the  main  mass  and  at 
the  interface;  p  is  the  total  pressure  of  the  mixture. 


If  the  process  is  anisothermal,  l.e.,  mass  transfer  occurs  simultaneously  with  the  heat  transfer,  but  the  con¬ 
ditions  are  such  that  the  additional  effects  caused  by  superposition  of  molecular  phenomena  (thermal  diffusion, 
heat  transfer  by  diffusion,  and  barodlffusion)  and  variability  of  the  physical  constants  may  be  disregarded,  which 
is  permissible  in  many  practical  cases,  then  Equations  (3)  and  (4)  remain  valid.  However,  Equation  (2)  cannot 
be  applied  to  the  accompanying  heat  transfer,  as  the  transverse  flow  of  the  substance  changes  the  hydrodynamic 
conditions  and  the  temperature  field,  and  thereby  evidently  affects  not  only  the  mass-transfer  rate  but  also  the 
heat-transfer  rate.  If  the  transverse  flow  is  directed  away  from  the  interface.  Increase  of  its  density  decreases 
the  heat-transfer  coefficient,  while  if  it  is  directed  toward  the  interface  Increase  of  its  density  increases  the 
heat-transfer  coefficient.  The  criterial  equation  for  heat  transfer  accompanying  mass  transfer  differs  from  Equa¬ 
tion  (2)  and  is  of  the  form  [3,  16,  17] 


Mu 


(fi«,  rr. 


(5) 


where  Cp 


and  Cpj 


are  the  heat  capacities  of  the  mixture  and  of  its  active  component. 


•  In  the  case  of  transverse  flow  of  the  substance,  the  equation  of  motion  may  be  written  in  a  form  in  which  at 
first  sight  it  does  not  differ  from  the  usual  Navier-Stokes  equation,  and  which  would  not  seem  to  yield  an  ad¬ 
ditional  similarity  criterion  characterizing  the  hydrodynamic  conditions  (the  IIw  criterion).  For  example,  in  the 
case  of  steady  flow  of  a  binary  mixture  along  a  plane  surface,  we  can  write  the  following  equation,  even  in 
presence  of  mass  transfer  (the  x  axis  is  the  direction  of  flow  and  the  y  axis  is  normal  to  the  surface): 


dwr  dwx  ,  1  (d~Wx  dhv g  \ 

Ox  oy  ^  p  dx  ^  \  dx^  dy-  )‘ 

Hoever,  in  the  case  under  consideration  this  equation  differs  from  the  Navier-Stokes  equation  in  tliat  here 
Wy  is  not  the  true  velocity  of  the  medium  (mixture)  in  the  direction,  but  the  velocity  of  Stefan  flow,  connected 
with  the  velocity  of  the  actual  transverse  flow  Wj  of  the  active  component  of  the  mixture  by  the  relationship 

Wy  =  wt  ^  where  p  and  pj  are  the  densltites  of  the  mixture  and  its  active  component,  respectively.  The  appar¬ 
ent  velocity  of  the  inert  component  in  the  y  direction,  normal  to  the  interface  impermeable  to  it,  is  zero. 
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It  was  noted  earlier  that  free  turbulence  may  arise  if  the  transverse  flow  rate  of  the  substance  in  the  layer 
of  mixture  adjacent  to  the  interface  is  high  enough  [18].  As  the  corresponding  turbulent-exchange  coefficient 
should  then  depend  on  and  Re,  the  influence  of  turbulence  of  the  layer  of  mixture  adjacent  to  the  interface 
on  the  rates  of  heat  and  mass  transfer  may  be  taken  into  account  with  the  use  of  Equations  (3)-(5)  without  intro¬ 
duction  of  additional  determining  criteria  [4,  19]. 

Only  with  very  dilute  mixtures,  in  which  the  concentration  of  the  inert  component  is  close  to  unity,  or 
at  small  differences  Ap^  of  partial  pressure,  when  the  density  of  transverse  flow  of  the  substance  is  also  small,  it 
is  possible  to  disregard  die  additional  criteria  in  Equations  (3)-(5)  and  to  use  expressions  of  the  type  (1)  for  iso¬ 
thermal  mass  transfer,  and  of  types  (1)  and  (2)  for  simultaneous  mass-tranfer  and  heat-transfer  processes. 

Analysis  of  experimental  data  on  the  condensation  of  water  vapor  containing  an  admixture  of  air  (  €q  = 

=  0.01  and  over)  on  horizontal  pipes  [20,  21]  confirmed  that  such  mass-transfer  data  are  satisfactorily  represented 
for  the  Re  region  between  350  and  11000  by  the  equation 


Nun  =  C  .  /It-®'®  •  II 


(6) 


where  C  =  0.47  for  a  single  pipe. 

The  Prandtl  diffusion  criterion  and  the  ratio  were  almost  constant  under  these  experimental  conditions, 

R 

and  had  the  values  Prj)  0.55  and  ^  =1.61.  If  on  the  basis  of  other  experimental  results  we  introduce  Pro®'* 
into  the  equation,  we  have 


(6a) 


where  Cj  =  0.60  (for  a  single  pipe). 

These  experimental  data  demonstrate  the  erroneous  character  of  a  recently  published  and  inadequately 
thought  out  assertion  [22]  that  in  systems  in  which  viscosity  depends  little  on  Cq,  which  include  the  system  water 
vapor-air,  the  concentration  of  the  active  component  of  the  mixture  should  have  little  Influence  on  the  mass- 
transfer  rate.  These  results  also  explain  why  in  some  Instances  experimental  data  on  mass  transfer  can  be  repre¬ 
sented  by  means  of  Colburn’s  formula  [23]  although,  as  has  been  pointed  out  [24],  there  are  several  errors  In  its 
derivation. 


Colburn  concluded  on  the  basis  of  the  film  theory  that  the  influence  of  transverse  flow  of  the  substance  can 
be  taken  into  account  merely  by  introduction  of  the  term  into  Equation  (1),  l.e.. 


i\u 


h 


Pr„), 


(7) 


where  pg^  is  the  mean  logarithmic  value  of  the  partial  pressure  of  the  inert  component  of  the  binary  mixture  in 
the  gas  film. 

When  PrQ  « const.  Equations (6)  and  (7)  can  be  reduced  to  the  form 


(6b) 

(7a) 


It  follows  that  if  the  experiments  are  so  conducted  that  the  ratio  remains  constant  or  varies  within  a 
relatively  narrow  range,  l.e.,  when-^  w  const  and  In  (1  +^)  w  const,  the  difference  between  the  twoequatlons 
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Is  slight.  Such  conditions  applied,  for  example,  to  the  experiments  of  Cairns  and  Roper  [4,  25]  who  studiedevap- 
oration  with  low  contents  of  the  inert  components  in  the  vapor— gas  mixture,  so  that  their  results  could  be  repre¬ 


sented  by  an  equation  of  type  (7),  with  only  a  modification  of  the  exponent  of  But  the  relationship  so  obtained 

cannot  be  extended  to  conditions  characterized  by  substantially  different  values  of-^  ,  In  the  general  case,  the 

Pga 

Introduction  of  only  one  additional  argument-^  Into  the  crlterial  equation  is  Insufficient.  The  same  may  be 


said  of  attempts  to  use,  as  the  sole  additional  argument,  the  ratio  and  even  more  so,  a  temperature  criterion  of 

T—  T 

the  parametric  type — (where  T  and  are  the  absolute  temperatures  of  the  vapor-gas  mixture  and  the 


wet-bulb  thermometer  respectively). 
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APPARATUS  FOR  DETERMINATION  OF  LIQUID-VAPOR 
EQUILIBRIA  • 

I.  N.  Bushmakin 

The  Leningrad  (Order  of  Lenin)  State  University 


The  most  accurate  liquid-vapor  equilibria  data  possible  were  required  In  connection  with  our  studies  of 
rectification  processes. 

The  literature  contains  very  many  descriptions  of  single-evaporation  apparatus  for  determination  of  such 
data.  We  have  studied  the  operation  of  a  number  of  the  most  typical  of  these  Instruments.  It  was  found  that  in 
many  types  of  apparatus  it  is  possible  to  obtain  accurate  data  on  liquid-vapor  equilibria,  but  the  apparatus  must 
be  used  within  a  narrow  range  of  conditions  characteristic  for  its  design  and  dimensions.  The  optimum  conditions 
may  vary  from  one  system  to  another.  Searches  for  the  optimum  conditions  Involve  the  performance  of  numerous 
experiments  and  the  consumption  of  large  amounts  of  materials. 

The  Scatchard  apparatus  [1]  stands  out  among  the  others.  With  it  searches  for  optimum  conditions  are  not 
needed.  The  only  necessary  conditions  are  good  heat  Insulation,  and  boiling  at  not  excessively  low  rates  (when 
the  Cottrell  pump  does  not  work)  nor  at  very  high  rates  (when  distillate  spray  Is  carried  over  Into  the  trap).  The 
main  disadvantage  of  the  Scatchard  apparatus  is  that  the  boiling  rate  must  remain  strictly  constant  during  an 
experiment  (with  solutions  boiling  at  high  temperatures).  With  the  slightest  fluctuation  of  the  boiling  rate,  the 
complex  equilibrium  between  the  two  liquids  and  the  vapor  breaks  down, and  the  results  given  by  the  apparatus 
are  not  quite  correct.  Therefore  the  results  of  equilibrium  determinations  with  this  apparatus  are  not  quite  the 
same  in  duplicate  experiments.  The  Scatchard  apparatus  may  be  described  as  reliable  (the  results  obtained  with 
it  are  free  from  gross  errors),  but  not  absolutely  accurate. 

Since  the  different  types  of  apparatus  described  In  the  literature  did  not  satisfy  our  requirements,  we  designed 
two  pieces  of  apparatus  ourselves. 

All  the  determinations  of  liquid— vapor  equilibrium  described  in  this  series  of  papers  were  performed  with  the 
apparatus  which  we  shall  refer  to  as  the  "old"  apparatus.  The  design  of  this  apparatus  is  briefly  described  in  Com¬ 
munication  I  [2]. 

Since  the  publication  of  that  communication  we  had  gained  experience  in  the  use  of  the  apparatus  and  cer¬ 
tain  modifications  had  been  Introduced  Into  the  procedure;  for  that  reason,  and  also  to  demonstrate  the  advantages 
of  the  new  apparatus  over  the  old,  we  shall  briefly  discuss  some  characteristics  of  the  old  apparatus.  A  diagram  of 
the  apparatus  is  given  in  Fig.  1.  Its  advantage  over  similar  apparatus,  described  In  the  literature  (by  Othmer  [3], 
Kireev  [4],  and  Lang  [5]Xis  that  during  its  operation  the  space  A  along  which  the  vapor  passes  to  the  condenser  Is 
separated  from  the  vapor  jacket  B  by  a  liquid  seal  (the  liquid  level  in  A  is  4-5  cm  higher  than  in  B).  Because  of 
this  the  vapor  from  the  vapor  jacket  does  not  pass  directly  into  the  condenser,  but  first  bubbles  through  the  liquid 
seal  Into  A  and  reaches  equilibrium  with  this  liquid.  The  steam  jacket  Is  externally  insulated  by  means  of  asbestos 
which  contains  a  Nichrome  heating  coil  and  a  thermometer.  Experience  shows  that  external  heating  is  not  essen¬ 
tial  in  experiments  with  solutions  boiling  below  80*.  If  the  solutions  boil  above  80*  the  vapor  jacket  should  be 
heated,  otherwise  the  difference  between  the  compositions  of  liquid  and  vapor  exceeds  the  equilibrium  value. 


•  Communication  IX. 
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The  thermometer  mounted  In  the  asbestos  Insulation  of  the  jacket  does 
not  give  the  true  vapor  temperature  In  the  jacket;  It  serves  merely  for  com¬ 
parative  estimation  of  the  heating  of  the  jacket  walls.  Therefore,  the  vapor 
space  is  always  either  underheated  or  overheated. 

With  this  disadvantage,  the  apparatus  is  used  as  follows.  The  first  equi¬ 
librium  determination  (for  example,  with  10-15  molar  %  of  the  more  volatile 
component)  consists  of  3-4  experiments.  These  experiments  are  performed  at 
the  same  rate  of  boiling,  but  with  differences  in  the  degree  of  heating  of  the 
vapor  jacket,  for  example:  1)  without  heating,  2)  with  tlie  thermometer  of  the 
vapor  jacket  reading  30"  below  the  boiling  point  of  the  solution,  3)  with  the 
vapor  jacket  at  the  boiling  point  of  the  solution,  and  4)  with  the  vapor  jacket 
at  a  temperature  10*  above  the  boiling  point. 

As  the  experiments  are  repeated  the  composition  of  the  solution  in  the 
still  changes  a  little.  It  is  therefore  sometimes  difficult  to  use  the  liquid  and 
vapor  composition  for  determining  whether  the  equilibrium  values  are  the  same. 
For  convenience,  these  data  are  used  to  calculate  the  relative  volatilities  a, 
which  are  compared.  Usually  the  first  value  of  a  (without  heating)  is  higher 
than  the  others,  but  all  the  other  values  of  a  agree  within  the  limits  of  experi¬ 
mental  error,  or  the  last  two  values  coincide.  Agreement  between  the  values 
of  a,  found  with  different  degrees  of  heating  of  the  vapor  jacket  shows  that  the 
apparatus  is  working  correctly  at  these  degrees  of  heating.  • 

The  subsequent  determinations  should  be  conducted  within  this  heating 
range.  The  equilibrium  is  determined  at  the  next  concentration  with  the  vapor 
jacket  heated  to  some  temperature  intermediate  between  the  permissible  values;  at  the  next  concentration  after 
that,  at  some  other  intermediate  temperature,  etc.  At  the  middle  and  the  last  concentrations  2-3  experiments 
are  performed,  as  at  the  first  (the  degrees  of  heating  may  be  different).  If  the  values  of  a  lie  on  a  smooth  plot 
of  a  =  f  (x),  where  x  is  the  content  of  the  volatile  component  in  tlie  liquid  (in  molar<yo),  this  shows  that  there  are 
no  errors  due  to  Incorrect  operation  of  the  apparatus  (there  may  be  systematic  errors  due  to  a  systematic  analyti¬ 
cal  error  or  to  inadequate  purity  of  the  materials).  Our  method  for  checking  the  absence  of  systematic  errors  is 
described  in  Communications  II  and  V  [6,  7].  If  the  value  of  a  does  not  fit  on  the  curve,  this  indicates  an  In¬ 
cidental  analytical  error,  and  the  experiment  Is  repeated.  All  the  results  are  additionally  checked  by  means  of 
control  experiments  at  several  concentrations,  in  which  the  degree  of  heating  of  the  vapor  jacket  remains  con¬ 
stant,  but  the  rate  of  boiling  is  varied.  The  number  of  experiments  depends  on  the  results  obtained  and  on  the 
form  of  the  a  =  f  (x)  curve. 

In  this  manner  exact  and  reliable  liquid-vapor  equilibrium  data  are  obtained. 

With  the  use  of  this  apparatus  (Fig.  1)  the  number  of  experiments  needed  for  a  complete  investigation  of 
equilibria  in  a  given  system  is  less  than  with  the  other  types  of  apparatus  described  in  the  literature,  because  of 
the  wider  range  of  permissible  degrees  of  heating  of  the  vapor  space  in  our  apparatus.  However,  the  number  of 
experiments  required  is  excessive  even  with  our  apparatus.  The  reason  is  that  there  is  no  theoretical  basis  for 
the  accuracy  of  the  experimental  data  obtainable  with  our  old  apparatus.  Everything  depends  on  whether  the 
nonequilibrium  vapor  from  the  vapor  jacket  has  time  to  reach  equilibrium  with  the  liquid  when  it  bubbles  through 
the  latter,  and  whether  the  vapor  condenses  on  the  internal  walls  of  the  inner  tube.  This  cannot  be  established 
theoretically;  it  can  only  be  shown  by  experiment  that  under  certain  operating  conditions  the  apparatus  gives  cor¬ 
rect  results.  Numerous  experiments  are  needed  to  find  these  conditions  and  especially  to  verify  that  correct  re¬ 
sults  are  in  fact  obtained  under  such  conditions. 

This  disadvantage  is  eliminated  with  the  new  apparatus  (Fig.  2).  Its  characteristic  feature  is  that  the  equi¬ 
librium  temperature  within  its  vacuum  jacket  is  easily  checked.  The  amount  of  liquid  put  in  the  apparatus  is 


Fig.  1.  Apparatus  of  the 
old  design. 


•  Our  experience  over  many  years  shows  that  the  apparatus  may  give  incorrect  results  if  tire  vapor  space  is  under¬ 
heated,  but  incorrect  data  were  never  obtained  if  it  was  overheated,  and  the  rate  of  boiling  was  not  too  high.  There¬ 
fore,  a  certain  degree  of  overheating  might  have  been  adopted  as  a  regular  procedure.  However,  tills  is  not  done 
because  of  the  risk  that  a  new  system  may  behave  differently  from  those  Investigated  previously. 
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such  that  its  level  during  the  experiment  is  1-2  cm  above 
the  lower  end  of  the  inner  tube.  When  the  solution  in  the  still 
is  boiled,  part  of  tlie  vapor  rises  up  the  inner  tube,  condenses 
in  the  left-hand  condenser, and  the  distillate  flows  down  into 
the  trap  and  returns  to  the  still;  another  part  of  the  vapor  goes 
to  the  vapor  jacket  and  condenses  there,  and  the  condensate 
flows  back  into  the  still.  As  the  walls  of  the  vapor  jacket 
become  heated  through,  vapor  condensation  in  it  decreases; 
the  vapor  begins  to  pass  into  the  right-hand  condenser  and 
condenses  there,  and  the  condensate  flows  down  the  drain¬ 
age  tube  into  the  still.  To  accelerate  the  heating  of  the  vapor 
jacket,  it  is  heated  externally  by  means  of  an  electric  cur¬ 
rent  passed  through  the  Nlchrome  coil  In  the  asbestos  insula¬ 
tion.  As  the  vapor  jacket  becomes  heated,  condensation  with¬ 
in  it  decreases  and  the  dropping  rate  in  the  right-hand  drop¬ 
per  Increases.  At  a  certain  degree  of  heating  the  dropping 
rate  reaches  a  maximum;  with  further  heating  it  remains 
unchanged  for  some  time,  and  then  begins  to  increase  slowly 
again.  This  is  the  result  of  additional  boiling  of  the  liquid  at 
its  points  of  surface  contact  with  the  walls  of  the  vapor  jacket. 
At  the  instant  when  the  maximum  dropping  rate  is  reached, 
the  temperature  of  the  vapor-jacket  walls  is  exactly  equal 
Fig.  2.  Apparatus  of  new  design.  to  the  boiling  point  of  the  liquid.  This  represents  the  optimum 

operating  conditions.  It  has  been  found  by  experiment  that  if 
tlie  dropping  rate  is  reduced  to  half  the  maximum  value,  the  vapor  composition  remains  exactly  the  same  as  at  the 
maximum  dropping  rate. 

Thus,  in  contrast  to  the  old  apparatus,  there  is  full  theoretical  justification  for  the  possibility  of  exact  results 
with  the  new  apparatus.  The  conditions  under  which  the  apparatus  conforms  to  the  theoretical  requirements  can 
be  easily  found  by  means  of  one  experiment,  without  numerous  exploratory  and  control  experiments.  Moreover, 
as  has  been  pointed  out  above,  fairly  considerable  deviations  from  the  optimum  operating  conditions  do  not  affect 
the  accuracy  of  the  results.  This  simplifies  the  experimental  procedure  and  makes  the  work  easier,  as  control  of 
the  constancy  of  the  degree  of  heating  of  the  vapor  jacket  during  the  experiment  need  not  be  as  strict. 

Experimental  Procedure  with  the  Apparatus 

Liquid  is  sucked  into  the  dry  and  clean  apparatus  through  the  siphon  tube  of  the  still  to  a  level  1-2  cm  above 
the  lower  end  of  the  inner  tube,  with  twice  the  amount  of  liquid  necessary  to  fill  the  distillate  trap  up  to  the  over¬ 
flow  tube.  The  top  stopcocks  are  open.  The  liquid  can  be  boiled  at  any  desired  rate.  As  soon  as  the  liquid  in  the 
distillate  receiver  reaches  the  overflow  tube,  it  is  all  discarded.  This  rejected  liquid  contains  water  and  other  im¬ 
purities  adsorbed  on  the  walls  of  the  apparatus.  The  boiling  rate  is  then  lowered  to  100-150  drops  per  minute  (1- 
3  ml/  minute)  in  the  left-hand  dropper  (with  an  inner  tube  28  mm  in  diameter).  At  higher  boiling  rates  there  is 
a  risk  that  liquid  droplets  may  be  formed  and  carried  over  into  the  distillate  trap.  The  apparatus  is  connected  to 
a  manostat.  The  heater  of  the  vapor  jacket  is  switched  on.  The  maximum  dropping  rate  in  the  right-hand  drop¬ 
per  is  determined.  The  heating  of  the  vapor  jacket  is  then  reduced  so  that  the  dropping  rate  in  the  right-hand 
dropper  is  approximately  10<7o  below  the  maximum  (to  avoid  overheating),  and  a  reading  is  taken  of  the  thermom¬ 
eter  mounted  in  the  asbestos  insulation  of  the  vapor  jacket  ("the  working  temperature").  When  work  on  a  new 
system  is  started,  the  working  temperature  is  determined  only  once  (if  the  difference  between  tlie  boiling  points 
of  the  components  does  not  exceed  a  few  degrees).  In  subsequent  experiments  with  the  same  system,  the  dropping 
rate  in  the  left-hand  dropper  and  the  working  temperature  are  kept  constant. 

The  use  of  the  working  temperature  for  maintenance  of  the  required  degree  of  heating  of  the  vapor-jacket 
walls  is  more  advantageous  than  regulation  of  the  degree  of  heating  by  the  dropping  rate  in  the  right-hand  drop¬ 
per,  for  the  following  reasons.  When  the  apparatus  is  assembled  for  the  next  experiment,  it  is  difficult  to  mount 
the  still  heater  exactly  in  the  same  way  as  in  the  previous  experiment.  If  the  position  of  the  heater  in  relation 
to  the  apparatus  is  changed,  the  origin  and  direction  of  the  stream  of  vapor  bubbles  in  the  liquid  change,  with 
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corresponding  changes  in  the  dropping  rates  in  the  left-hand  and  right-hand  droppers.  Therefore,  with  a  constant 
dropping  rate  in  the  left-hand  dropper  (fixed  by  regulation  of  the  rheostat  of  the  still  heater)  the  maximum  drop¬ 
ping  rate  in  the  right-hand  dropper  may  vary  in  different  experiments,  and  it  must  be  found  for  each  experiment; 
the  working  temperature,  however,  remains  constant  with  any  position  of  the  still  heater. 

It  is  desirable  that  the  areas  of  the  liquid  surfaces  in  the  inner  tube  and  the  vapor  jacket  should  be  equal. 
Then,  if  the  heater  is  positioned  correctly,  the  maximum  dropping  rate  is  close  to  the  dropping  rate  in  the  left- 
hand  dropper.  If  the  apparatus  is  so  constructed  that  with  100  drops  per  minute  in  the  left-hand  dropper  the  maxi¬ 
mum  dropping  rate  in  the  right-hand  dropper  is  too  high  to  count  (over  200  drops  per  minute),  the  maximum  drop¬ 
ping  rate  is  determined  at  a  very  low  rate  in  the  left-hand  dropper  and  the  temperature  reading  is  taken;  in  su- 
sequent  experiments  (with  100-150  drops  per  minute  in  the  left-hand  dropper)  a  temperature  1-2*  below  this  is 
used.  Since  in  the  new  apparatus  vapor  from  the  vapor  jacket  does  not  enter  the  distillate  trap,  another  experi¬ 
mental  procedure  is  possible.  It  is  possible  to  dispense  with  external  heating  of  the  vapor  jacket,  neither  the 
dropping  rate  in  the  right-hand  dropper  nor  the  working  temperature  being  regulated.  For  this  procedure  the  mass 
of  vapor  passing  through  the  vapor  jacket  must  be  several  times  greater  than  the  mass  of  vapor  passing  through  the 
inner  tube.  This  can  be  achieved  if  the  apparatus  is  so  designed  that  the  surface  of  the  liquid  in  the  inner  tube  is 
considerably  less  than  the  surface,  if  the  liquid  in  tlie  vapor  jacket,  and  if  the  heater  is  appropriately  positioned. 
With  this  procedure  the  asbestos  insulation  should  be  replaced  by  another  material  of  lower  heat  capacity  and  con¬ 
ductivity  (cotton  wool,  eiderdown).  Moreover,  the  insulation  should  be  extended  (the  liquid  surface  must  be  above 
the  lower  end  of  the  insulation).  The  dropping  rate  in  the  left-hand  dropper  is  maintained  at  100-150  per  minute 
as  before,  while  in  the  right-hand  dropper  it  becomes  established  independently  (it  may  be  very  high,  or  there 
may  be  a  stream  of  liquid.  In  this  way  it  is  also  possible  to  work  with  liquids  boiling  at  high  temperatures;  the 
results  are  accurate,  but  since  they  are  not  fully  justified  theoretically,  they  should  be  verified  at  2-3  concen¬ 
trations  with  another  apparatus  by  the  first  experimental  procedure. 

The  speed  at  which  equilibrium  becomes  established  between  the  distillate  in  the  trap  and  the  liquid  in  the 
still  depends  on  their  relative  amounts.  At  a  ratio  of  6/60  ml  and  a  boiling  rate  of  1  ml/ minute  (in  the  left- 
hand  dropper)  equilibrium  is  fully  established  1-1.5  hours  after  the  working  temperature  has  been  reached.  The 
speed  at  which  equilibrium  is  established  also  seems  to  depend  upon  the  nature  of  the  system.  Therefore  in  in¬ 
vestigations  of  each  system  we  increase  this  time  to  2-3  hours  in  several  experiments. 

Liquid  samples  from  the  trap  and  still  are  taken  from  the  cooled  apparatus.  In  view  of  the  fact  that  on  cool¬ 
ing  the  vapor  above, the  liquid  in  the  still  condenses  and  changes  the  liquid  composition  somewhat,  a  correction 
is  applied  to  the  composition  of  the  liquid.  This  correction  is  not  large.  If  die  ratio  of  the  liquid  volume  to  the 
volume  of  the  vapor  space  is  60  :  380  and  a  =  1.070,  the  correction  increases  the  value  of  a  by  2*  10“^. 

In  the  old  apparatus  the  upper  stopcocks  are  required  for  filling  of  the  vapor  jacket  with  vapor  at  the  start 
of  an  experiment.  The  stopcock  leading  from  the  vapor  jacket  to  the  condenser  is  opened  and  the  other  stopcock 
is  closed.  In  the  new  apparatus  die  upper  stopcocks  are  not  needed  at  all  during  the  experiments;  they  are  used 
when  the  apparatus  is  dried,  which  is  done  by  alternate  evacuation  and  blowing  of  air. 

The  still  heater  is  a  truncated  cone  with  a  longitudinal  cut.  Nichrome  wire  is  wound  around  the  cone.  The 
inverted  cone  is  fitted  over  the  bottom  of  the  apparatus. 

The  new  apparatus  gives  accurate  results  over  wide  ranges  of  the  degree  of  heating  of  the  vapor  jacket  and 
of  the  boiling  rate.  Therefore  the  operating  conditions  described  above  (for  the  first  variant)  serve  merely  as  an 
illustration,  and  diey  may  be  varied.  We  usually  keep  to  these  conditions,  but  experiments  are  performed  at  higher 
boiling  rates  for  2-3  concentrations. 

In  order  to  obtain  completely  reliable  data,  liquid-vapor  equilibrium  studies  should  be  conducted  with  two 
different  pieces  of  apparatus  (of  the  same  or  of  different  design),  which  must  be  of  different  sizes,  and  with  liquids 
of  different  origins.  The  use  of  different  apparatus  eliminates  errors  caused  by  possible  imperceptible  imperfec¬ 
tions  and  incorrect  proportions;  moreover,  this  provides  a  check  of  the  correction  applied  to  the  liquid  composi¬ 
tion. 

Our  thorough  investigations  of  the  performance  of  the  apparatus  have  shown  that  errors  do  not  occur  as  the 
result  of  incorrect  operation;  there  are  errors  caused  by  errors  in  determinations  of  the  liquid  composition,  buttliese 
are  minimized  by  duplicate  analyses  of  samples  from  the  same  experiment. 
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EFFECTS  OF  FUSED  LITHIUM,  SODIUM,  AND  POTASSIUM 
HYDROXIDES  ON  NICKEL,  COPPER,  IRON,  AND 
STAINLESS  STEEL 

E.  I.  Gurovlch 


Investigations  of  the  corrosive  action  of  fused  alkalies,  especially  of  alkali-metal  hydroxides,  are  of  very 
great  theoretical  and  practical  Interest. 

There  has  been  a  fairly  large  number  of  investigations  in  this  field,  mainly  in  relation  to  the  choice  of 
metallic  materials  of  construction  for  the  production  of  alkalies  (evaporation,  concentration,  drying,  etc.).  For 
example,  Pershke  and  Popova  [1]  studied  metal  corrosion  in  concentrated  alkali  solutions  for  selection  of  construc¬ 
tional  materials  used  in  alkali  production.  They  studied  the  action  of  alkalies  containing  water  and  carbonates 
on  ordinary  cast  irons,  nickel,  copper,  cast  iron  containing  nickel  and  chromium,  Monel,  and  certain  brasses  and 
bronzes.  However,  in  these  investigations  the  maximum  temperature  was  260",  and  the  tests  were  15  hours  in 
duration  and  were  started  at  room  temperature,  l.e.,  the  tests  were  performed  under  conditions  of  alkali  evapora¬ 
tion. 


Fig.  1.  Isotherms  for  corrosion  in 
fused  NaOH:  A)  corrosion  (ing/m*); 
B)  duration  of  experiment  (hours). 
Nickel:  1)  350";  2)  400";  3)450"; 
"Armco"  iron:  4)  350";  5)  400"; 
Khl8N9Tsteel:7)  350";  8)  400"; 

9)  450". 


Schmitz  [2]  studied  the  behavior  of  certain  steels  in  fused 
alkalies  and  other  reagents,  in  relation  to  their  carbon,  nickel, 
and  chromium  contents. 

Berl  and  Taack  [3]  studied  the  action  of  alkalies  and  salt 
solutions  on  iron  at  high  temperatures  (up  to  310"),  and  selected 
corrosion  inhibitors  for  these  cases.  They  found,  in  particular, 
that  sodium  sulfate  is  especially  useful  as  a  corrosion  inhibitor. 

The  corrosion  of  iron  in  fused  alkalies  has  also  been  studied 
by  many  workers  [4-7]. 

Publications  on  the  behavior  of  nickel  and  its  alloys  in  fused 
alkalies  are  especially  numerous,  but  they  are  nearly  all  concerned 
with  the  evaporation  of  alkalies  [8-10]. 

Copper  and  its  alloys  have  also  been  studied  as  materials 
which  are  fairly  resistant  to  the  action  of  alkali  solutions  at  high 
temperatures  [11-13]. 

The  resistance  of  silver  to  fused  alkalies  has  long  been 
known,  but  even  now  publications  dealing  with  the  corrosion  resist¬ 
ance  of  silver  to  fused  alkalies  can  be  found  [14-16]. 


The  list  of  materials  which  have  been  studied  in  relation  to 
the  effects  of  fused  substances,  including  alkalies,  on  them  is  very 
extensive:  it  includes  nickel-chromium  alloys  [17],  molybdenum  [18],  tungsten  [19,  20],  beryllium  [21], zirconium, 
indium,  niobium,  tantalum,  titanium  etc.  [22]. 


Despite  the  relative  abundance  of  papers  dealing  with  the  action  of  alkalies  on  metals,  there  have  not  been 
any  systematic  investigation  from  the  kinetic  standpoint.  Moreover,  nearly  all  the  investigations  were  largely 


836 


concerned  with  selection  of  metallic  materials  for  evaporation  and 
concentration  equipment,  and  tlierefore  the  majority  were  performed 
at  temperatures  not  exceeding  350-400®. 

These  gaps  are  filled  to  some  extent  by  tlie  present  investigation. 
The  corresponding  corrosion  Isotherms  and  polytherms  for  metals  infused 
alkalies  have  been  determined. 

EXPERIMENTAL 

The  method  of  investigation  and  tlie  conditions  used  for  testing 
metals  in  fused  alkalies  (NaOH,  KOH,  and  LlOH)  showed  few  essential 
differences  from  tlie  methods  and  conditions  used  in  our  earlier  inves¬ 
tigations,  which  were  concerned  with  the  effects  of  chlorides  [23]  and 
nitrates  [24]  on  metals.  In  the  present  Instance  it  was  merely  necessary 
to  change  the  quartz  vessels  more  often,  as  they  became  unserviceable 
earlier,  despite  the  published  reports  concerning  the  relatively  high  re¬ 
sistance  of  quartz  to  fused  alkalies  [25] 

The  metals  tested  were  nickel,  copper,  "Armco”  iron,  and  KhlSNQT 
stainless  steel,  at  350,  400  and  450“  in  NaOH  melts,  and  at  400,  450, 
and  500*  in  KOH  melts;  the  tests  in  LiOH  melts  were  conducted  at  500 
550,  and  600*.  Tlie  exposure  times  of  the  metals  in  the  melts  were  1, 

2,  3,  and  4  hours  in  each  case. 

Tests  in  Caustic  Soda.  Figure  1  shows  corrosion  Isotherms  for 
nickel,  "Armco"  iron,  and  Khl8N9T  steel  at  all  the  experimental  temperatures. 

It  follows  from  Fig.  1  that  nickel  had  the  highest  resistance  to  fused  NaOH  at  all  the  test  temperatures;  this 
is  also  clear  from  the  polytherm  (Fig.  2). 

The  behavior  of  "Armco"  ironand  Khl8N9T  steel  is  roughly  the  same.  Films  differing  in  thickness  and  den¬ 
sity  are  formed  on  the  metal  specimens,  with  the  exception  of  copper.  For  example,  films  from  0.3  to  2.9  *10"^ cm 
thick  are  formed  on  the  surface  of  "Armco"  iron.  These  results  were  found  by  calculation  from  the  film  weights, 
determined  as  the  differences  between  the  weight  of  each  specimen  with  and  without  the  film.  The  films  were 
removed  from  the  specimens  either  by  the  action  of  hot  concentrated  ammonium  oxalate  solutions,  or  by  dilute 
hydrochloric  acid  containing  gelatin  as  an  inhibitor.  The  films  on  Khl8N9Tsteel  were  considerably  thinner,  but 
their  densities  were  higher. 

As  caustic  alkalies  usually  contain  carbonates,  the  carbonate  contents  of  the  alkalies  were  determined  each 
time.  In  the  case  of  NaOH  the  NajC03  content  before  the  experiment  was  about  4%,  and  after  the  experiment  the 
carbonate  content  was  about  5.5‘7o. 

Caustic  alkalies  also  usually  contain  moisture.  The  moisture  content  of  NaOH  was  not  determined,  because 
it  is  usually  relatively  low,  and  because  the  moisture  was  removed  almost  completely  from  the  melts  during  the 
tests. 

It  follows  from  Figs.  1  and  2  that  corrosion  losses  increase  with  temperature  and  exposure  time. 

The  corrosion  behavior  of  copper  is  shown  separately  in  Fig.  5. 

Tlie  corrosion  loss  for  copper  is  very  much  greater  than  the  losses  for  the  other  metals  tested;  this  is  also 
clear  from  Fig.  2,  where  the  corrosion  polytherm  for  copper  is  given  togetlier  with  the  corrosion  polytherms  for 
the  other  metals  tested. 

Tests  in  Caustic  Potash.  Figures  2,  4  and  5  show  isotherms  and  polytherms  for  the  corrosion  of  the  metals 
tested  in  fused  KOH. 

In  this  case  also  the  highest  corrosion  losses  are  found  with  tiie  copper  specimens.  When  copper  is  tested  in 
fused  alkalies,  protective  films  are  not  formed  on  the  specimens,  such  as  are  formed  on  the  otlier  metals  tested. 
This  fact  is  probably  reflected  in  the  relatively  lower  corrosion  resistance  of  copper  to  fused  alkalies. 


Fig.  2.  Poly  therms  for  cor¬ 
rosion  in  fused  NaOH:  A)  cor¬ 
rosion  (in  g/  m^'hour);  B)  tem¬ 
perature  (*C);  1)  nickel; 

2)  "Armco*  iron;  3)  Khl8N9T 
steel;  41  copper. 
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Fig.  3.  Isotherms  for  corrosion  in  fused 
KOH:  A)  corrosion  (in  g/m*);  B)  dura¬ 
tion  of  experiment  (hours);  nickel;  1) 
500":  2)  450";  3)  400";Khl8N9T  steel: 
4)  400";  5)  450";  6)  500";  "Armco"lron: 
7)  500";  8)  400";  9)  450". 


A 


Fig.  4.  Polytherms  for  corrosion 
in  fused  KOH;  A)  corrosion  (in  g/ 
/  m* .  hour);  B)  temperature  ("C); 
1)  nickel;  2)Khl8N9T  steel; 

3)  "Armco"  iron;  4)  copper. 


As  in  the  case  of  caustic  soda,  all  the  metals  tested  except  copper  form  surface  films  differing  in  thickness 
when  exposed  to  fused  caustic  potash.  For  example,  the  thickness  of  the  films  formed  on  "Armco"  iron  is  in  the 
1.2-21.5  •  10“^  cm  range.  The  film  thickness  decreases  with  increase  of  temperature.  Moreover,  the  films  formed 
on  "Armco"  iron  specimens  are  looser  than  those  formed  in  caustic  soda  melts.  Nickel  andKhl8N9T  steel  speci¬ 
mens  showed  the  least  corrosion,  but  the  corrosion  was  considerably  greater  in  fused  KOH  than  in  caustic  soda. 

In  this  case  also  the  corrosion  losses  of  all  the  metals  tested  Increase  with  temperature  and  with  the  exposure  time 
(Figs.  3,  4,  5). 


Fig.  5.  Isotherms  for  corrosion  of  cop¬ 
per  in  fused  NaOH  and  KOH;  A)  cor¬ 
rosion  (Ing/m^;  B)  duration  of  experi- 
ment(hrs);  In  KOH;  1)500";  2)450";  3) 
400";  in  NaOH;  4)450";  5)400";  6)  350". 


The  average  contents  of  K2CO3  in  KOH  before  the  experi¬ 
ments  was  9%,  and  at  the  end  the  carbonate  content  fell  to  about 
7%  (it  was  virtually  unchanged). 

The  moisture  content  of  KOH  varied  from  12  to  18%  at  the 
start  of  the  experiments;  l.e.,  it  was  considerably  higher  than  in 
caustic  soda.  This  moisture  content  fell  considerably  when  KOH 
was  held  at  the  experimental  temperatures;  for  example,  the 
moisture  was  lost  almost  completely  when  KOH  was  kept  in  the 
fused  state  for  2  hours  at  500".  At  lower  temperatures  traces  of 
moisture  remained;  this  is  also  clear  from  the  isotherms  in  Fig.  4 
It  follows  from  Fig.  3  tliat  corrosion  losses  are  considerably  less 
at  500"  than  at  lower  temperatures,  because  the  moisture  was 
removed  almost  completely  from  the  melt. 

Of  course,  this  influenced  the  growth  and  nature  of  the 
films  formed  on  the  metal  surfaces,  and  also  introduced  certain 
difficulties  in  comparisons  of  the  results  of  corrosion  tests  in 
NaOH  and  KOH  melts,  although  an  attempt  was  made  to  make 
comparison  of  this  kind  for  all  the  caustic  alkalies  tested. 

Figure  5  shows  isotherms  for  corrosion  of  copper  in  fused 
NaOH  and  KOH. 
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Fig.  6.  Isotherms  for  corrosion  in 
fused  LiOH:  A)  corrosion  in  g/m* 
(upward  from  0~  weight  increase; 
downward—  loss);  B)  duration  of  ex¬ 
periment  (hours);  Khl8N9T  steel: 
1)500;  2)550’;  3)600’;  "Armco" 
iron:  4)  500’;  5)  550’;  6)  600’;  cop¬ 
per:  7)  500’;  8)550*;  9)600*.  The 
curves  for  nickel  are  close  to  the 
abscissa  axis. 


A 


Fig.  7.  Polytherms  for  corrosion  in 
fused  LiOH;  A)  corrosion  in  g/m** 
•hour  (upward  from  zero  —  weight 
increase;  downward  —  loss);  B)  tem¬ 
perature  (*C);  1)  nickel; 

2)  Khl8N9T  steel;  3)  "Armco"  Iron; 
4)  copper. 


In  this  case  corrosion  losses  also  increase  with  temperature  and  the  time  of  exposure  of  the  specimens  to  the 
alkali  melts.  It  is  clear  from  Fig.  5  that  corrosion  losses  are  considerably  higher  in  fused  caustic  potash  than  in 
caustic  soda;  apart  from  the  higher  corrosiveness  of  KOH  as  compared  with  NaOH,  this  result  also  depends  on  the 
moisture  content  of  the  alkali. 

Tests  in  Lithium  Hydroxide.  Isotherms  and  polytherms  for  corrosion  of  metals  in  fused  lithium  hydroxide 
presented  in  Figs.  6  and  7. 

Here  again  the  highest  corrosion  losses  are  found  for  copper,  followed  by  "Armco"  iron.  Khl8N9T  steel 
shows  a  slight  weight  increase  at  500  and  550’,  and  a  small  loss  in  weight  at  600*. 

Nickel  is  corroded  with  a  very  slight  increase  in  weight. 

"Armco"  iron  also  forms  a  surface  film  at  500*.  The  thickness  of  this  film  varies  in  the  range  of  0.05-1.2* 
lO”'*  cm.  The  method  used  for  determination  of  film  thickness  was  described  earlier. 

This  alkali,  LiOH,  had  an  average  carbonate  content  of  3%  before  the  experiments,  while  after  the  experi¬ 
ments  the  Li2C03  content  was  about  3.5%. 

The  moisture  content  of  LiOH  was  not  determined  In  every  case,  as  it  was  removed  almost  completely  when 
LiOH  was  heated  to  500’  (the  weight  of  a  LiOH  sample  remained  constant). 

It  is  clear  from  Fig.  6  and  Fig.  7  that  the  corrosion  losses  of  the  tested  metals  increase  with  temperature  and 
exposure  time. 


SUMMARY 

It  is  quite  obvious  from  a  comparison  fo  the  test  results  for  all  the  alkalies  that  corrosiveness  of  caustic 
alkalies  decreases  in  the  series  K  >  Na  >  Li,  l.e.,  caustic  potash  is  more  corrosive  than  caustic  soda,  and  the 
latter  is  more  corrosive  than  lithium  hydroxide.  Thus,  lithium  hydroxide  is  the  least  corrosive  in  this  series. 
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In  the  paper  by  Pershke  and  Popova  [1]  cited  earlier,  tlie  corrosion  activities  of  caustic  alkalies  under  some¬ 
what  different  conditions  were  compared.  It  was  found  that  the  corrosiveness  of  KOH  is  2.5-3  times  as  high  as 
that  of  NaOH.  We  found  that  KOH  is  considerably  more  corrosive  than  NaOH,  which  may  be  attributed  to  the 
higher  moisture  content  of  KOH. 

It  has  been  observed  earlier  in  studies  of  the  corrosion  behavior  of  metals  in  certain  fused  salts  [23  ,  24] 
that  tlie  radius  of  the  cation  in  a  particular  salt  Influences  the  corrosiveness  of  tire  salt  in  the  fused  state.  A  com¬ 
parison  between  tliese  salts  and  the  alkalies  studied  in  the  present  Investigation  reveals  the  same  relationship; 
i.e.,  corrosion  activity  of  a  particular  alkali  depends  on  the  position  of  its  cation  in  D.  I.  Mendeleev's  periodic 
table. 
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CATHODIC  LIBERATION  OF  ZINC  FROM  ZINC  SULFATE 


SOLUTIONS  WITH  HIGH  CONTENTS  OF  IRON  IONS 
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In  modern  hydrometallurgical  practice  monometallic  solutins  arc  generally  used  for  electrolytic  separation 
of  metals  [1,  2].  Other  metals  (impurities)  are  present  in  very  low  concentrations  in  such  solutions, 

Tlie.  extent  and  nature  of  the  influence  of  impurity  cations  on  the  kinetics  of  cathodic  liberation  of  the  prin¬ 
cipal  metal  must  depend  on  the  nature  of  tliese  cations  and  tlie  electrolysis  conditions  [1,  3,  4], 

Because  of  their  low  concentrations,  the  "limiting  current 
densities"  (D[ifn)  for  the  discharge  of  the  impurity  cations  are  very 
low.  Therefore  the  rates  of  deposition  of  some  of  the  impurities 
on  the  cathode  should  be  independent  on  the  current  density  (Dq) 
at  which  the  principal  metal  is  deposited,  as  in  practice  will 
always  be  greater  than  Diim.  It  follows  that  in  electrolysis  of  solu¬ 
tions  containing  impurities  in  low  concentrations,  the  purity  of  the 
deposit  or,  in  other  words,  the  selectivity  of  the  deposition  of  the 
metal  on  the  cathode,  may  be  increased  by  increase  of  current 
density  [5,  6], 

If  the  concentration  of  extraneous  metals  in  the  electrolytes 
is  high,  strictly  selective  deposition  of  the  metal  on  the  cathode  is 
impossible  in  practice.  However, under  definite  electrolysis  condi¬ 
tions  and  with  the  aid  of  special  measures  (introduction  of  complex 
formers  into  the  electrolyte,  etc.)  it  is  possible  to  Isolate  one  of  the 
metals  preferentially  on  the  cathode  from  such  multicomponent 
solutions. 

Tlie  present  investigation  was  concerned  with  zinc  electrolytes 
containing  iron.  Such  solutions  may  be  formed  in  hydrometallurgi¬ 
cal  processes  in  which  ferric  sulfate  or  ferric  chloride  solutions  are 
used  as  leaching  agents  [7,  8],  in  anodic  dissolution  of  multimetalllc 
mattes  [9],  and  in  other  processes.  Because  of  the  high  Iron  contents 
of  these  solutions,  their  conversion  by  methods  such  as  those  used  in  the  hydrometallurgy  of  zinc  is  difficult. 

The  electrolytic  method  seems  appropriate  for  this  purpose. 

The  literature  contains  only  brief  information  on  the  electrolysis  of  solutions  containing  zinc  and  iron.  The 
few  investigations  were  performed  a  relatively  long  time  ago,  and  tliey  were  not  concerned  with  the  same  aims 
as  the  present  work  [10,  11].  The  kinetics  and  mechanism  of  cathodic  liberation  of  metals  from  zinc-iron  solu¬ 
tions  have  been  studied  very  little.  At  the  same  time,  it  should  be  noted  that  electrolysis  of  zinc  solutions  with 
high  contents  of  iron  ions  is  now  beginning  to  attract  attention  also  in  relation  to  the  cathodic  formation  of  iron- 
zinc  alloys,  which  have  a  number  of  specific  properties  distinctive  from  those  of  the  pure  metals  [12]. 
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Fig.  1.  Partial  current  efficiency 
for  zinc  as  a  function  of  the  ferrous 
ion  concentration  at  different  tem¬ 
peratures:  A)  current  efficiency  for 
zinc  (‘7o):  B)  ferrous  ion  concentra¬ 
tion  (g/ liter);  temperature  (*C); 
l)(20gH2SO4  /liter):  2)  20:3)40; 
4)  60, 
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Fig.  2.  Effects  of  zinc  ion  concen¬ 
tration  in  solution  on  cathodic  cur¬ 
rent  efficiencies  and  Iron  contents 
of  the  cathode  deposit:  A)  current 
efficiencies  for  metals  (<7o);  B)  con¬ 
centration  of  zinc  ions  in  solution 
(g/ liter).  Sulfuric  acid  contents 
(g/ liter):  1,  2,  3)  2;  1’,  2\  3’)  20; 
current  efficiencies  («7o):  1,1’)  alloy; 
2,2’)  zinc;  3,3’)  iron. 
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Fig.  3.  Effects  of  ferrous  ion  con¬ 
centration  at  different  temperatures 
on  the  volume  of  hydrogen  liberated 
at  the  cathode:  A)  volume  of  hydro¬ 
gen  (in  cc);  B)  concentration  of  fer¬ 
rous  iron  (g/ liter).  Temperature  (*C); 
1)20(20  g  H2SO4/ liter);  2)  20;  3)  40; 
4)  60. 


In  electrolysis  of  a  zinc-iron  solution  in  a  cell  with  insoluble 
anodes  the  following  reactions  are  possible  at  the  cathode: 


Zn++  +  2c-^Zn, 

(I) 

Fe-^  +  2e -)■  f’o. 

(ID 

]]+ -\- e \  I21U, 

(III) 

Fe+++  +  Fo++, 

(IV) 

■  Fe^  ++  Zn++  +  2Fe++. 

(V) 

The  reduction  of  Fe'*"*"*’  ions  to  Fe++  at  the  cathode  is  unde¬ 
sirable,  as  it  lowers  current  efficiency  for  zinc  [13,  15];  it  can  be 
avoided  If  the  cell  is  divided  by  a  diaphragm  and  a  stream  of 
electrolyte  is  caused  to  flow  from  the  cathode  to  the  anode  com¬ 
partment.  The  cathod  process  in  the  electrolysis  of  Zn— Fe  solu¬ 
tion  is  then  determined  by  the  polarization  for  each  of  the  first 
three  reactions  (I)-(III). 

The  present  communication  contains  the  results  of  experiments 
on  the  Influence  of  cathodic  current  density,  concentrations  of  iron 
and  zinc  Ions,  and  other  factors  on  the  current  efficiencies  and  the 
iron  content  of  the  cathodic  deposit. 

EXPERIMENTAL 

The  solutions  were  electrolyzed  in  a  cell  (300  ml  in  capacity) 
divided  by  a  porous  partition.  One  cathod  and  one  anode  was 
placed  in  the  cell.  The  cathodes  were  aluminum  plates,  and  the 
anodes  were  plates  of  lead-silver  alloy  (1%  Ag). 

The  electrolyte  was  fed  into  the  cathode  compartment  and 
flowed  out  of  the  anode  compartment  of  the  cell.  The  electrolyte 
temperature  was  kept  constant  to  within  ±  0.5*. 

Cathodic  polarization  was  measured  by  the  compensation 
method  with  the  PPTV-1  potentiometer  and  a  null  galvanometer 
of  sensitivity  1  •  10"®  amp. 

The  experimental  results  and  conditions  are  given  in  the  table 
(0.3  amp-hr  was  passed  at  each  current  density). 

It  follows  from  the  tabulated  data  tliat  the  total  current  ef¬ 
ficiency  for  the  alloy  decreases  slightly  with  increase  of  current 
density.  The  iron  contents  of  the  deposits  increase  both  witli  in¬ 
crease  of  ferrous  ion  concentration  and  with  increase  of  current 
density.  The  same  table  also  contains  values  of  the  partial  cur¬ 
rent  efficiency  for  zinc,  calculated  from  the  electrochemical 
equivalents  of  the  metals  and  analytical  data  for  the  deposits. 
These  results  show  that  cathodic  depositions  of  zinc  from  Zn— Fe 
solution  in  a  divided  cell  proceeds  at  a  relatively  high  current 
efficiency.  The  partial  current  efficiency  for  zinc  falls  with  in¬ 
crease  of  current  density  and  iron  concentration  in  the  electrolyte, 
and  the  metals  are  deposited  on  the  cathode  at  higher  negative 
potentials  (see  table). 

The  results  of  experiments  on  the  effects  of  ferrous  Ion  con¬ 
centration  on  the  partial  current  efficiency  for  zinc  at  different 
temperatures  are  presented  in  Fig.  1.  In  all  the  experiments  the 
zinc  and  sulfuric  acid  contents  of  the  electrolyte  were  constant 
at  45  and  2.2  g/ liter,  respectively.  Figure  1  shows  tliat  the  partial 
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Cathodic  Current  Efficiencies  and  Iron  Contents  of  Cathodic  Deposits  at  Different  Cur¬ 
rent  Densities  and  Ferrous  Ion  Concentrations  in  the  Solutions.  Composition  of  solution 
(g/ liter):  Zn  40.5-41,  H2SO4  2;  temperature  20“ 


Current 
density 
(amp/ 
/m* ) 

Iron  content  of  solution  (g/ liter) 

3.9 

8.3 

Cathode 

potential 

(V) 

Current  efficiency 

EBBI 

Cathode 

potential 

Current  efficiency 

m _ 

Iron 

c^i^tent 

posit  (%) 

total 

for  zinc 

(V) 

total 

for  zinc 

tlM) 

— 0.7()3 

96.5 

96.36 

0.09 

—0.778 

94.64 

94.52 

0.12 

2(K) 

—0.777 

95.9') 

9.5.68 

0.12 

—0.790 

94.30 

93.99 

0.31 

4(H) 

-0.78r) 

9r).64 

95.43 

0.18 

— O.MK) 

94.0 

93.30 

0.48 

(UK) 

— 0.!‘02 

9:).45 

94.90 

0..50 

—0.811 

92.77 

91.63 

0.96 

S(M) 

-0.813 

93.0 

89.5 

0.76 

—0.829 

90.41 
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current  efficiency  for  zinc  increases  with  temperature  and  decreases  with  increase  of  the  Fe:  Zn  ratio  in  the 
electrolyte.  At  a  higher  content  of  sulfuric  acid  in  the  electrolyte  (20  g/ liter)  the  current  efficiency  for  zinc 
falls  more  steeply  with  increase  of  the  ferrous  iron  concentration  than  it  does  in  the  less  acid  electrolyte. 

The  effects  of  the  zinc  ion  concentration  on  the  cathode  process  (D^  =  400  amp/m*)  are  shown  graphically 
in  Fig.  2.  The  course  of  the  curves  in  Fig.  2  indicates  that  the  increase  of  the  current  efficiency  for  the  alloy 
with  increase  of  the  zinc  concentration  in  the  electrolyte  is  the  consequence  of  an  increase  of  the  partial  current 
efficiency  for  zinc,  as  the  partial  current  efficiency  for  iron  decreases  in  this  case. 

Tlie  cathodic  current  efficiency  for  the  alloy  and  the  partial  current  efficiency  for  zinc  are  much  lower  in 
electrolysis  in  a  cell  witliout  a  diaphragm  (stationary  electrolyte).  For  example,  in  a  solution  containing  45-46 
g/  liter  of  zinc*  ,  42  g/  liter  of  iron,  and  20  g/  liter  of  sulfuric  acid,  the  current  efficiency  for  zinc  (for  the  same 
time  of  electrolysis  as  in  the  diaphragm  cell)  was  65*70  at  Dc  =  200  amp/m^,  and  only  5*70  at  Dc  =  800  amp/m*. 

In  the  latter  case  the  cathodic  deposit  was  periodically  redissolved.  With  Increase  of  the  sulfuric  acid  content  of 
this  electrolyte  to  100  g/ liter,  there  was  virtually  no  deposit  formed  on  the  cathode. 

The  above  experimental  data  show  that  the  mechanism  of  cathodic  liberation  of  zinc  from  sulfate  solutions 
in  presence  of  iron  ions  is  very  complex.  However,  it  is  clear  tliat  zinc  is  deposited  preferentially  at  the  cathode 
In  all  cases.  This  may  be  attributed  to  the  higher  overvoltage  for  the  discharge  of  ferrous  ions  at  the  cathode  as 
compared  with  zinc  ions. 

The  increase  of  the  partial  current  efficiency  for  zinc  with  increase  of  the  electrolyte  temperature  Is  also 
consistent  with  the  results  of  our  experiments  (Fig.  3)  in  which  the  volume  of  hydrogen  liberated  at  the  cathode 
was  determined.  Figure  3  shows  that  in  electrolysis  of  a  solution  containing  46  g  of  Zn  and  2  g  of  H2SO4  per  liter 
at  Dc  =  400  amp/m*  the  volume  of  hydrogen  liberated  decreases  with  increase  of  temperature.  However,  at 
higher  concentrations  of  iron  and  sulfuric  acid  in  the  solution  the  volume  of  liberated  hydrogen  Increases. 

The  partial  current  efficiency  for  zinc  may  decrease  in  presence  of  ferric  ions  in  solution  as  the  result  of 
cathodic  reactions  (IV)  and  (V).  Further  investigations  are  needed  to  determine  which  of  these  reactions  is  the 
more  probable  and  what  is  the  influence  of  each  on  the  cathode  process. 

SUMMARY 

The  electrolysis  of  zinc-iron  sulfate  solutions  has  been  studied  at  different  concentrations  of  zinc  and  fer¬ 
rous  ions  in  relation  to  cathodic  current  density  and  temperature;  it  was  found  that  in  a  diaphragm  cell  the  cathodic 
deposits  have  a  relatively  low  iron  content,  and  the  cathodic  current  efficiency  for  zinc  is  high. 
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HYDROGEN  OVERVOLTAGE  AT  A  POROUS  IRON-NICKEL  CATHODE 


I.  B.  Barmashenko  and  V.  I.  Shapoval 
The  Ktev  Polytechnic  Institute 


One  unproductive  form  of  power  consumption  in  industrial  electrolysis  of  aqueous  solutions  is  due  to  over¬ 
voltage.  Several  methods  exist  for  decreasing  overvoltage,  based  on  the  use  of  new  electrode  materia'  and  on 
special  surface  treatments. 

For  example,  Voronin,  Barmashenko,  and  Nadezhdln  [1]  have  shown  that  hydrogen  overvoltage  may  be 
diminished  at  porous  iron  cathodes  containing  small  additions  of  cobalt,  nickel,  tungsten,  or  molybdenum. 


Fig.  1.  Circuit  of  apparatus  used  for  determination  of  hydrogen 
overvoltage:  1)  current  source;  2)  rheostat;  3)  electrolytic  cell; 
4)  changeover  switch;  5)  Weston  cell;  6)  Weston  counter-cell; 
7)  battery;  8)  slide  wire;  9)  switches;  10)  cover  of  anode  sec¬ 
tion;  11)  cover  of  cathode  section;  12)  steel  anode;  13)  iron- 
nickel  cathode;  14)  diaphragm;  15)  hydrogen  tubes;  16)  Ojout- 
let  tubes;  17)  Hj  outlet  tubes;  18)  thermometer;  19)  reference 
half-cell;  20)  leads;  21)  side  tube. 


The  aim  of  the  present  Investigation  was  to  find  a  cathode  material  which  gives  the  maximum  decrease  of 
overvoltage  and  which  economically  is  the  most  suitable  for  electrolysis  of  aqueous  salts,  alkalies,  etc. 

EXPERIMENTAL 

The  cathodes  used  were  made  by  the  sintering  process  from  iron  and  nickel  powders  with  grains  0.059-0.149 
mm  in  size.  20  g  of  the  thoroughly  mixed  powder  was  pressed  in  a  cylindrical  metal  die  at  1400  kg/ cm*.  The 
electrode  was  then  sintered  in  a  tubular  furnace  in  hydrogen  at  750*  for  1.5-2  hours. 


Fig.  2.  Variations  of  hydrogen  overvoltage  rj  (in  v)  with  current  density  i  (in 
amp/ cm*)  at  20  and  80*;  explanation  in  text. 


Fig.  3.  Variations  of  hydrogen  overvoltage  tj  (in  v)  with  log  i  (in 
amp/ cm*)  at  20  and  80”;  curve  numbers  as  in  Fig.  2. 


The  electrodes,  of  7  cm*  working  area,  had  high  strength  and  asilvery  grayish  surface  without  iridescence 
(the  latter  indicates  surface  oxidation). 

The  anode  was  a  circular  steel  plate. 

The  potentials  of  the  iron— nickel  porous  cathodes  were  measured  during  electrolysis  by  the  direct  metiiod, 
with  the  usual  compensation  circuit  containing  a  standard  Weston  cell,  shown  in  Fig.  1.  The  method  of  determination 
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Fig.  4.  Variations  of  hydrogen  overvoltage  with  the  nickel  content  in  iron  at  20  and 
80“;  current  density  (amp/ m*);  1)  100;  2)  500;  3)  1000;  4)  3000. 


was  the  same  as  before  [1],  except  that  the  cylindrical  glass  cell  was  widened  at  the  cathode  end  to  prevent  the 
formation  of  a  hydrogen  pocket;  this  avoided  any  possible  decrease  of  the  effective  cathode  surface,  especially 
at  high  current  densities. 

The  electrolyte  was  a  15*54)  solution  of  chemically  pure  caustic  soda.  The  reference  electrode  was  a  mer¬ 
cury— mercury  oxide  half-cell  containing  15%  caustic  soda  solution;  this  eliminated  the  liquid -junction  potential 
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Variations  of  hydrogen  overvoltage  with  current  density  in 
the  100-3000  amp/m*  range  were  studied  at  20-80*.  The  results 
of  the  experiments  are  plotted  in  Fig.  2.  The  dash  line,  based  on 
Nadezhdln's  data,  represents  hydrogen  overvoltage  at  a  smooth 
(cast)  iron  cathode.  Curve  1  corresponds  to  an  iron  electrode 
treated  with  No.  2  emery.  Curve  2  corresponds  to  a  porous  100% 
Fe  electrode;  curve  3,  100%  Ni;  curve  4,  50%  Fe,  50%  Nl  and 
90%  Fe;  10%  Ni;  curve  5,  20%  Fe,  80%  Ni  and  10%  Fe,  90%  Ni. 

Curves  4  and  5  were  plotted  because  the  overvoltages  for 
the  electrodes  of  these  compositions  differ  by  12  mv.  Curve  4, 
and  especially  curve  5,  show  considerable  decreases  not  only  rel¬ 
ative  to  the  smooth  electrode  but  also  relative  to  curve  2;  by 
0.2-0.3  at  20"  and  by  0.26  at  80*. 


Fig.  5.  Variations  of  hydrogen  overvolt¬ 
age  T)  (in  v)  with  the  nickel  content  of 
iron  at  i  =  3000  amp/m*  and  different 
temperatures. 

at  ions  of  hydrogen  overvoltage  with  percentage 


The  curves  in  Fig.  3  show  variations  of  hydrogen  overvoltage 
at  a  porous  cathode  in  Igi*  coordinates. 

The  curves  in  Figs.  4  and  5,  plotted  for  different  ranges  of 
temperature  and  current  density,  present  a  full  picture  of  the  varl- 
contents  of  iron  and  nickel  in  porous  electrodes. 


It  is  clear  from  Fig.  4  that  the  overvoltage  is  effectively  Influenced  not  only  by  the  first  additions,  as  stated 
earlier  [1],  but  also  by  nickel  contents  of  80-90%,  which  result  in  further  decreases  of  overvoltage.  A  significant 
feature  is  that  the  decrease  Is  greater  than  that  found  for  a  pure  nickel  electrode.  This  effect  is  more  pronounced 
with  Increase  of  current  density  (Fig.  4).  At  low  current  densities  (100-500  amp/m*)  the  first  additions  of  nickel 
of  the  order  of  10%,  may  be  regarded  as  effective.  The  curves  In  Fig.  4  (t  =  80*)  show  that  the  effect  of  nickel 
is  less  pronounced  at  higher  temperatures.  Temperature  has  a  kind  of  eliminating  action  on  the  effect  of  large 
amounts  of  nickel  over  the  entire  current  density  range. 


Figure  6  shows  variations  of  hydrogen  overvoltage  with  temperature  for  porous  electrodes  at  current  densities 
from  100  to  3000  amp/m*.  Curves  1-4  correspond  to  different  electrode  compositions. 
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Figure  6  shows  that  the  overvoltage  Is  a  linear  function  of  temperature  in  the  20-80“  range.  However,  the 
temperature  gradient  is  not  constant  for  electrodes  of  different  composition.  Figure  7  shows  variations  of  the  hydro¬ 
gen  overvoltage  with  current  density  for  a  porous  cathode  of  the  composition  Fe  20«7o,  Ni  80%.  It  is  seen  that  the 
slope  of  the  curves  decreases  with  Increase  of  current  density.  The  temperature  gradient  decreases  at  current  den¬ 
sities  of  1000  amp/m*  and  over.  The  temperature  gradient  in  the  20-80*  range  at  current  density  3000  amp/m* 
for  cathodes  of  different  composition  are  given  below. 


Cathode  composition  (%)  .  .  . 
Temperature  gradient . 


V 


Fig.  6.  Variationsofhydrogenover- 
voltage  Tj  (in  v)  with  temperature  t 
(*C)  for  different  cathode  composi¬ 
tions;  current  density  (amp/m*): 

I)  100:  II)  3000;  cathode  composi¬ 
tion  i%):  I)  Fe  100;  2)  Ni  100;  3)Fe 
90.  Ni  10,  Fe  50,  Ni  50;  4)  Fe  20, 
Ni  80,  Fe  10,  Ni  10. 


100  Fc  100  Ni  no  Fc-1-  .50  Fe 20  Fo  +  10  Fe + 

+  10  Ni  +50  Ni  +80  Ni  +90  Ni 

3.5  2.4  3.0  3.6  2.0  2.0 

It  is  seen  that  at  current  densities  above  1000  amp/ cm*  the 
mechanism  of  the  process  changes;  the  discharge  of  hydrogen  ion 
is  accelerated,  and  this  coincides  with  a  change  in  the  slope  of  the 
curves  plotted  in  semilogarithmic  coordinates  (Fig.  3).  This  caused 
by  formation  of  very  thin  oxide  films  on  the  cathode  surfaces;  these 
films  can  be  reduced  at  current  densities  of  1000  amp/m*  and  over. 
This  is  confirmed  by  the  high  values  of  the  constant  b  in  the  Tafel 
equation,  which  depend  on  the  temperature  and  the  electrode  com¬ 
position,  as  the  data  in  the  table  show. 

It  is  seen  that  the  values  are  high  owing  to  the  presence  of 
oxide  films.  The  value  of  b  increases  with  temperature.  Except 
for  the  nickel  cathode,  the  value  of  the  constant  b  changes  by  3.5- 
5  mv  for  a  temperature  change  of  10*. 

DISCUSSION  OF  RESULTS 

It  follows  from  Figs.  2,  4,  and  5  that  the  lowest  hydrogen  over¬ 
voltage  is  obtained  at  porous  cathodes  containing  10  or  20%  Fe  and 
90  or  80%  Ni.  Similar  results  were  obtained  [1]  with  porous  iron 
cathodes  with  layers  (1  mm  thick)  of  cobalt,  tungsten,  or  molybdenum 
pressed  onto  them.  In  view  of  the  scarcity  of  these  metals  and  the 
considerably  more  complex  sintering  process  required  with  their  use, 
as  compared  with  nickel,  porous  iron  cathodes  with  pressed  surface 
layers  of  the  compositions  indicated  above  are  to  be  recommended. 

The  decrease  of  hydrogen  overvoltage  at  cathodes  made  by 
the  powder  method  may  be  due  to  porosity,  which  increases  the  true 


Values  of  Constant  b  in  the  Tafel  Equation 


Temper¬ 

ature 

Constant  b  for  electrode  of  the  composition  % 

100  Fc 

100  NI 

90  Fe  +  10  Nl 

50  Fe  +  50  Nt 

20  Fe  +  80  NI 

10Fe  +  90NI 

20° 

0.183 

0.194 

0.178 

0.175 

0.164 

0.160 

80° 

0.207 

0.21X) 

0.210 

0.213 

0.185 

0.180 

effective  surface  of  the  cathode,  and  to  the  influence  of  additives.  However,  there  is  another  important  factor, 
which  influences  overvoltage.  On  the  surface  of  a  porous  electrode  made  from  one  component,  and  more  especi¬ 
ally  from  two  powdered  metal  components,  active  regions  appear  at  which  discharge  of  hydrogen  ions  requires 
less  energy  than  at  an  ordinary  smooth  metallic  electrode;  this  may  influence  the  overvoltage. 

Kobozev  [2]  postulated  the  existence  of  regions  at  which  the  quantities  of  energy  required  for  liberation  of 
hydrogen  atoms  are  different.  Frumkin  et  al.  [3]  state  that  if  a  surface  is  heterogeneous,  the  mechanism  of  the 
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Fig.  7.  Variations  of  hydrogen  over¬ 
voltage  T}  (in  v)  with  temperature_t 
(*C)  at  a  porous  cathode  (Fe  —  20'^, 
Ni  —  SO^o);  current  density  (amp^i*): 
1)  100;  2)  200;  3)  500;  4)  1000;  5) 
2000;  6)  3000. 


Fig.  8.  Variations  of  hydrogen  over¬ 
voltage  Tj  (in  v)  with  i  (amp/cm*) 
at  40"  for  porous  cathodes  oxidized 
to  different  extents. 


electrochemical  reaction  may  differ  at  different  regions.  Lukov- 
tsev  [4] considers  that  at  regions  with  a  large  heat  of  adsorption 
discharge  is  rapid  and  desorption  is  slow;  if  the  heat  of  adsorption 
is  low,  discharge  is  slow  and  desorption  is  rapid.  Loshkarev  and 
Ozerov  [5]  consider  that  overvoltage  is  decreased  mainly  not  as 
the  result  of  an  increase  in  the  true  surface  area,  but  by  increase 
of  the  discharge  constant,  i.e.,  owing  to  the  presence  of  active 
regions  on  the  electrode  surface.  On  the  porous  cathodes  studied 
in  our  investigation,  which  have  a  heterogeneous  surface,  discharge 
of  hydrogen  ions  may  occur  at  individual  regions  at  a  considerably 
higher  rate  and  with  less  expenditure  of  energy  than  at  smooth 
cathodes. 

Our  experiments  showed  that  hydrogen  overvoltage  at  these 
porous  cathodes  also  depends  on  the  degree  of  oxidation  of  the 
electrode  surface.  Curves  1  and  2  in  Fig.  8  represent  variations 
of  overvoltage  with  log  current  density  at  40*  for  two  porous  iron 
cathodes;  one  (curve  1)  more  highly  oxidized,  and  the  other 
(curve  2)  with  only  traces  of  oxides.  If  even  small  amounts  of 
oxygen  are  present  in  the  electrolyte,  the  active  regions  are  oxidi¬ 
zed  earlier  and  more  easily.  During  electrolysis  with  a  polarized 
cathode  surface  the  current  penetrates  within  the  pores  [6],  where 
the  amounts  of  oxides  are  undoubtedly  very  small.  This  leads  to 
an  increase  of  the  effective  acting  surface,  and  at  lower  current 
densities  (100-1000  amp/m*)  curve  1  may  even  lie  below  curve  2. 
Further  increase  of  current  density  results  in  much  evolution  of 
gas  and  displacement  of  the  electrolyte  from  the  pores;  the  acting 
surface  then  diminishes,  as  shown  by  the  upward  turn  of  curve  1. 

If  only  traces  of  oxides  are  present  on  the  cathode  (curve  2),  the 
characteristic  bend  is  less  steep,  and  the  overvoltage  is  less  than 
in  curve  1.  In  this  case,  as  the  current  density  increases,  the  re¬ 
ducing  action  of  hydrogen  on  the  traces  of  oxide  films  is  intensi¬ 
fied,  with  formation  of  additional  new  active  regions,  formerly 
oxidized.  This  results  in  a  decrease  of  true  current  density,  with 
a  downward  bend  (curve  2).  The  influence  of  the  oxide  films 
indicates  that  porosity  is  a  definite  factor  in  decreasing  hydrogen 
overvoltage,  and  its  action  depends  on  the  current  density  range. 
Further  studies  of  the  effects  of  current  density  on  overvoltage 
should  be  carried  out  at  current  densities  between  6000  and 
10000  amp/m*. 


SUMMARY 

1.  The  decrease  of  hydrogen  overvoltage  at  a  porous  cathode 
at  Dc  =  1000-3000  amp/m*  and  t  =  20*  is  0.45  v  (below  the  value 
for  a  smooth  iron  cathode),  and  0.3  v  at  20*  and  0.2* vat 80" (below 
the  value  for  a  sand-rubbed  smooth  iron  electrode). 


2.  The  overvoltage  is  decreased  sharply  with  increased  contents  of  nickel  in  iron  at  20  and  40*.  This  ef¬ 
fect  is  diminished  at  80*. 


3.  The  temperature  gradient  of  overvoltage  decreases  with  increase  of  current  density  above  1000  amp/m*. 
Increase  of  temperature  by  one  degree  produces  an  average  decrease  of  2.5-3. 0  mv  in  the  overvoltage. 


4.  It  is  suggested  that  the  decrease  of  overvoltage  at  a  porous  iron-nickel  cathode  is  due  to  the  increased 
surface  area  and  formation  of  active  regions  on  the  heterogeneous  surface;  less  energy  is  required  for  liberation 
of  hydrogen  during  electrolysis  at  these  regions  than  at  a  smooth  electrode. 
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5.  The  hydrogen  overvoltage  at  an  electrode  made  from  a  powder  mixture  may  be  lower  than  at  either 
of  the  components  taken  separately. 

6.  The  deviation  of  the  T)j^^"iogl  curves  from  linearity  are  explained. 

7.  Porous  Iron  electrodes  with  pressed  surface  layers  (about  1  mm  thick),  containing  20%  Fe  and  80%  Nl  are 
recommended  for  tests  on  the  semllarge  scale.  The  cathodes  are  made  from  Iron  and  nickel  powders  by  pressing 
at  1400  kg/ cm*,  followed  by  sintering  In  hydrogen  at  750*.  The  dimensions  of  the  porous  cathode  depend  on  the 
design  and  size  of  the  cell  and  the  nature  of  the  electrolytic  process. 
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MECHANSIM  OF  FORMATION  OF  BRIGHT  NICKEL  DEPOSITS 
IN  BATHS  WITH  S  U  L  F  U  R- C  O  N  T  A  I N  IN  G  ADDITIVES 

R.  M,  Morgart  and  O.  Panchuk 
Laboratory  of  Physical  Chemistry ,  Chernovits  University 


The  formation  mechanism  of  bright  nickel  deposits  from  baths  with  various  brightening  agents  is  still  very 
obscure. 

The  sulfur  compounds  which  may  be  used  as  brightening  agents  in  nickel  plating  include  mono-  and  poly- 
sulfonated  benzene  and  naphthalene  and  their  homologs;  aromatic  sulfonamides  and  sulfonimides;  also,  as  in¬ 
vestigations  in  our  laboratory  have  shown  [1],  a  number  of  other  Inorganic  and  organic  compounds  containing 
bivalent  sulfur. 

Some  authors  [2-7]  consider  that  the  most  likely  effect  is  adsorption  of  the  sulfur-containing  additives  in  the 
molecular  state  over  the  whole  cathode  surface,  or  at  individual  regions  —  growing  crystal  faces.  Raub  and  Wittum 
[8]  suggested  that  aromatic  sulfonic  acids  are  decomposed  at  a  nickel  cathode  with  liberation  of  nonsulfonated 
compounds.  Some  authors  believe  that  sulfonic  acids  may  be  decomposed  at  the  cathode  with  formation  of  the 
corresponding  mercaptans  [9-10],  which  form  adsorption  layers  on  the  cathode  surface.  It  is  postulated  that  this 
is  followed  by  reduction  and  decomposition  of  the  aromatic  nucleus,  while  the  sulfur  is  included  in  the  deposit 
in  the  form  of  nickel  sulfide.  It  is  known,  however,  that  reduction  of,  say,  the  naphthalene  nucleus  occurs  at  po¬ 
tentials  [11]  which  are  hardly  attainable  even  at  individual  cathode  regions.  The  reduction  process  of  naphthalene- 
sulfonic  acids  is  itself  obscure  [12].  A  polarographic  wave  for  the  reduction  of  naphthalenesulfonic  acids  on  mercury 
cannot  be  obtained  [11,  12].  However,  it  has  been  shown  that  this  is  possible  with  the  use  of  a  rotating  nickel 
microcathode  [13].  Reduction  of  sulfonic  acids  yields  mercaptans  —  substances  containing  bivalent  sulfur.  The 
latter  react  readily  with  Raney  nickel,  nickel  sulfide  being  formed  [14-18].  The  reaction  proceeds  in  the  cold, 
and  in  most  instances  quantitatively.  There  is  no  reason  to  doubt  that  a  nickel  cathode  in  the  course  of  electrolysis 
is  at  least  as  powerful  a  reducing  agent  as  Raney  nickel.  The  nickel  sulfide  produced  in  the  process  is  apparently 
in  the  colloidal  state;  this  is  analogous  to  the  formation  of  colloidal  nickel  hydroxide  in  the  reaction  of  Raney 
nickel  with  water  [14].  Naphthalenesulfonic  acids  split  off  sulfur  only  after  it  has  been  reduced  to  S  *,  similarly 
to  the  reaction  of  Raney  nickel  with  sodium  sulfite  solution  with  formation  of  nickel  sulfide  [15].  Our  experiments 
showed  that  sodium  sulfite  can  act  as  a  brightener  for  nickel  deposits.  Sulfonic  acids  also  differ  from  substances 
containing  bivalent  sulfur  because  their  sulfur  is  in  the  anion.  Since  only  molecules  are  reduced,  only  a  small 
proportion  of  the  added  brightener  takes  part  in  this  process.  When  the  concentration  of  the  brightener  is  increased 
above  a  certain  optimum  value,  the  number  of  molecules  of  the  additive  to  undergo  decomposition  remains  con¬ 
stant.  This  explains  why  it  is  possible  to  add  very  large  amounts  (up  to  30-50  g/  liter)  of  naphthalenesulfonic  acids 
to  electrolytes  without  large  increases  of  cathodic  polarization  [12]  or  deterioration  of  the  mechanical  properties 
of  the  coating  [3]. 

The  question  of  the  action  of  additives  in  nickel  plating  must  be  considered  in  close  association  with  the 
causes  of  brightness  of  electrolytic  deposits.  It  seems  that  neither  the  grain  size  [9,  19-21]  nor  crystal  orientation 
[15,  22-24]  is  decisive  in  this  respect.  The  most  acceptable  view  is  that  the  surface  becomes  leveled,  l.e.,  angles 
and  projections,  etc.,  are  usually  smoothed  out  [20].  The  question  of  leveling  is  closely  related  to  the  layer 
structure  found  in  bright  nickel  deposits  [10,  20,  21,  25a].  Several  theories  have  been  put  forward  to  explain  the 
formation  mechanism  of  periodically  recurring  layers  [9,  10],  but,  as  was  noted  above,  these  are  Inadequately 
justified  and  contradict  certain  experimental  data.  Henricks  [9,  26]  obtained  a  multilayer  nickel  deposit  from  a 
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bath  yielding  dull  deposits,  by  intermediate  exposure  of  the  deposit  in  l<7o  "rodin"  (a  thiourea  derivative),  13  fi 
thick  and  with  a  high  luster.  We  carried  out  similar  experiments  with  intermediate  exposure  of  the  deposit  in 
thiourea  solution  and  in  a  solution  containing  0.065  g  of  gelatin  per  liter.  The  deposits  were  dull  in  the  former 
case  and  bright  in  the  latter.  Semibright  nickel  deposits  are  obtained  by  exposure  to  acid  solutions  of  thiourea. 

The  same  result  can  be  obtained  by  periodic  cathodic  polarization  of  the  specimens  in  a  neutral  thiourea  solution 
containing  potassium  sulfate.  It  follows  that  in  a  neutral  solution  thiourea  is  not  adsorbed  on  nickel  to  a  sufficient 
extent  to  have  a  significant  effect  on  its  structure  during  subsequent  electrodeposition.  This  effect  is  produced  if 
hydrogen  is  liberated  at  the  nickel  electrode.  Probably  in  this  case  nickel  may  react  with  the  additive  to  yield 
nickel  sulfide,  which  is  adsorbed  on  the  specimen  and  is  not  washed  off  it.  Experiments  with  gelatin  show  that 
colloids  are  adsorbed  well  by  nickel. 

The  sign  of  the  charge  on  the  colloidal  nickel  sufide  particles  under  the  acid  conditions  which  arise  in  the 
catholyte  zone  is  significant  in  relation  to  the  manner  in  which  colloidal  nickel  sufide  influences  the  cathode  process. 
It  has  been  stated  that  the  sign  is  negative  [25b,  27],  However,  other  data  [28]  suggest  that  if  the  sulfide  is  formed 
in  the  catholyte  zone,  the  charge  is  positive.  Charge  reversal  in  colloids  with  change  of  acidity  is  a  well-known 
phenomenon.  A  colloidal  solution  of  nickel  sufide  was  prepared  by  the  mixing  of  very  dilute  solutions  of  nickel 
nitrate  and  sodium  sulfide.  Electrophoresis  showed  that  the  particles  are  negatively  charged.  The  solution  pH 
was  a  little  above  7.  The  value  of  the  electrokinetic  potential  (5.3  mv)  indicated  that  the  colloid  was  unstable 
and  that  the  solution  pH  was  close  to  the  isoelectric  point.  Tests  showedthat  the  colloid  did  not  coagulate  for  at 
least  1.5  hours  after  preparation.  The  colloidal  solution  was  introduced  into  an  electrolyte  yielding  dull  deposits  • 
through  a  glass  tube  pressed  against  the  cathode.  During  51  minutes  of  electrolysis,  which  was  enough  to  give  a 
nickel  layer  10  p  thick,  about  2.5  ml  of  solution  flowed  out.  The  deposit  was  bright  where  the  colloidal  solution 
flowed  over  it.  It  seems  that  when  the  colloid  is  supplied  directly  to  the  cathode,  its  charge  is  changed  to  positive 
and  it  is  adsorbed  on  the  cathode.  To  confirm  that  the  effect  is  not  due  to  alkali,  a  similar  experiment  was  per¬ 
formed  with  addition  of  caustic  soda  solution  at  pH  =  10  to  the  electrolyte.  The  deposit  remained  dull  over  its 
entire  surface. 

Subsequent  experiments  showed  that  electrodeposition  of  nickel  from  electrolytes  containing  suspended  nickel 
sulfide  yields  bright  deposits  despite  the  low  solubility  of  this  substance.  Other  sulfides,  such  as  those  of  antimony, 
cobalt,  etc.,  act  analogously.  Henricks'  findings  [9]  that  sodium  sulfide  acts  as  a  brightener  in  the  electrodeposition 
of  nickel  were  also  confirmed. 

The  instances  of  layer  structure  in  bright  nickel  deposits  which  have  been  described  in  the  literature  refer 
to  the  deposits  from  baths  of  high  pH  values.  To  determine  the  effect  of  electrolyte  acidity  on  deposit  structure, 
an  electrolyte  containing  3  g  of  a  technical  mixture  of  2,6-  and  2,7-naphthalenesulfonic  acid  per  liter  was  ad¬ 
justed  to  pH  5.8,  and  a  layer  50  p  thick  was  deposited  from  it.  The  solution  was  then  acidified  to  pH  2.3,  and  a 
further  50/i  was  deposited.  A  similar  experiment  was  performed  without  brightener  in  the  electrolyte.  Photomicro¬ 
graphs  of  polished  cross  sections  of  the  two  deposits  showed  that  the  part  of  the  deposit, formed  at  pH  2.3  from  the 
electrolyte  containing  brightener, did  not  have  a  layer  structure.  To  find  at  what  pH  layers  can  still  be  detected, 
specimens  were  obtained  at  six  different  pH  values  (2.3,  4,  5,  5.5,  and  6)  from  an  electrolyte  containing  the  same 
brightener.  The  sections  were  all  etched  by  the  same  solution  for  equal  times.  Examination  of  the  sections  showed 
that  layers  are  found  only  in  deposits  formed  at  pH  of  6  and  5.5,  and  in  the  latter  case  they  are  rather  weak.  A 
layer  structure  is  also  found  in  nickel  deposits  formed  in  presence  of  other  sulfur  compounds. 

In  the  light  of  all  the  above  data,  the  most  probable  mechanism  of  the  action  of  sulfur-containing  additives 
on  the  cathode  process  in  the  electrodeposition  of  nickel  is  the  following. 

When  a  molecule  of  a  sulfur  compound  comes  into  contact  with  a  projection  on  the  cathode,  it  is  reduced 
and  decomposed  with  formation  of  positively  charged  colloidal  nickel  sulfide.  The  additive  is  decomposed  at 
tliese  points  because  they  are  the  most  advantageous  from  the  energy  aspect  (the  potential  is  highest).  Any  nickel 
sulfide  accidentally  formed  in  depressions  or  at  flat  regions  migrates  to  regions  of  higher  potential.  As  a  result, 
most  of  the  projections  on  the  cathode  eventually  become  insulated.  Therefore,  the  deposit  grows  mainly  at  the 
unoccupied  regions.  The  process  continues  in  this  manner  until  the  surface  has  been  leveled  to  some  extent,  and 
as  a  result  the  true  total  surface  area  of  the  cathode  is  decreased  so  much  that  reduction  of  nickel  sulfide  becomes 
possible  [29].  This  liberates  the  surface  regions  which  had  been  occupied  by  nickel  sulfide.  However,  a  part  of  the 
colloid,  adsorbed  on  regions  of  intermediate  local  current  density, may  escape  reduction  and  remain  in  position 
being  subsequently  included  in  the  deposit.  It  is  possible  that  nickel  layers  containing  unreduced  sulfide  are  more 
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easily  etched,  so  that  a  rhythmic  structure  is  revealed  In  polished  cross  sections  of  the  deposits.  The  liberated 
sulfide  ions  leave  the  cathode  through  a  zone  almost  free  from  nickel  Ions.  Beyond  this  zone  nickel  sulfide  is 
formed,  first  as  a  true  and  then  as  a  colloidal  solution.  During  this  period  a  poly  crystalline  deposit  grows  without 
hindrance.  Individual  projections  again  begin  to  appear  on  Its  surface.  Colloidal  nickel  sulfide,  newly  formed 
In  the  cathode  zone,  is  adsorbed  on  these,  and  the  whole  process  Is  repeated.  Consecutive  growth  of  the  layers 
formed  in  this  manner  leads  to  the  formation  of  a  level  bright  deposit.  The  individual  metal  layers  may  differ 
In  thickness,  as  this  depends  on  the  microgeometry  of  the  basis  metal,  variations  of  the  electrolysis  conditions, 
such  as  fluctuations  of  current  strength  during  deposition  of  nickel,  etc. 

In  the  light  of  this  mechanism  it  is  easy  to  explain  the  observed  dependence  of  the  luster  of  nickel  deposits 
formed  from  baths  containing  naphthalenesulfonic  acids  [12,  13,  30]  and  other  sulfur  compounds  [1]  on  the  cathodic 
current  density,  temperature,  and  acidity  of  the  electrolyte. 

It  must  be  pointed  out  that  the  mechanism  postulated  for  the  action  of  sulfur-containing  brighteners  does 
not  exclude  possible  stabilization  of  colloidal  basic  nickel  compounds  formed  by  the  decomposition  of  these 
brighteners  by  colloidal  nickel  sulfide;  such  compounds  were  found  by  Gorbunova  et  al.  [20,  21]  In  nickel  deposits 
formed  from  electrolytes  containing  naphthalenesulfonic  acids.  They  also  found  that  the  surface  layer  of  the  deposit 
contained  a  certain  amorphous  phase,  the  nature  of  which  could  not  be  established,  although  it  was  suggested  that 
it  consists  of  nickel  hydroxide  with  the  additive  adsorbed  on  it.  In  the  light  of  our  suggested  mechanis  n  the  pres¬ 
ence  of  such  an  amorphous  phase,  consisting  of  nickel  sulfide  or  a  mixture  of  the  latter  with  nickel  hydroxide  In 
the  surface  layer,  is  entirely  probable,  as  the  surface  layer  Is  in  direct  contact  with  the  colloid  which  is  continu¬ 
ously  forming  at  the  cathode. 


SUMMARY 

1.  The  possible  conversions  of  sulfur-containing  brighteners  in  the  cathode  region  during  electrodeposition 
of  nickel  were  considered,  and  it  is  suggested  that  these  conversions  lead  to  the  formation  of  the  same  final  prod¬ 
uct  from  all  sulfur-containing  additives  —  colloidal  nickel  sulfide. 

2.  The  mechanism  postulated  for  the  action  of  colloidal  nickel  sulfide  in  the  formation  of  bright  nickel 
deposits  accounts  for  certain  facts  observed  In  the  course  of  bright  nickel  plating. 
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PRODUCTION  OF  BRIGHT  COATING  IN  ELECTRODEPOSITION 
OF  COPPER-GOLD  ALLOYS 

B.  S.  Krasikov  and  Yu:  D.  Grin 


The  need  to  replace  gold  plating  by  cheaper  copper-gold  coatings,  retaining  the  same  corrosion  resistance 
and  decorative  properties,  has  led  to  a  number  of  investigations  [1-3],  Including  a  paper  [4]  by  one  of  the  present 
authors;  this  last  paper  contained  details  of  electrolyte  composition  and  operating  conditions  for  production  of 
gold—  copperalloy  coatings  over  a  wide  range  of  alloy  compositions. 


A 


Fig.  1.  Polarization  curves  for  cyanide 
solutions  containing  copper  and  gold: 

A)  current  density  (amp/ dm*);  B) neg¬ 
ative  potential  (v);  electrolyte  composi¬ 
tion  (g/ liter):  1)  Cu  9.4,  KCNfjgg  17.4, 
(NH2)2CS  0.7;  2)  Cu  9.4,  KCNfree 
3)  Au  4,  KCNfree  16.6,  (NH2)2CS0.7;  4) 
Au  4; KCNfree  16.6;  5)  Au  2,  Cu  9.6, 
KCNfree  19.2,  (NH2)iCS  0.7;  6)  Au  2, 

Cu  9.6,  KCNfree  19-2 


The  present  paper  reports  a  continuation  of  the  study 
of  the  electrodeposition  of  copper—  gold  alloys  for  production 
of  bright  coatings,  which  do  not  require  subsequent  polishing, 
from  the  electrolytes  studied  earlier  [4],  on  Jewelry  (with gold 
content  70-80%  by  weight  in  the  coating). 

It  is  reported  in  the  literature  that  bright  copper  deposits 
can  be  obtained  from  cyanide  [5]  and  thiocyanate  [6]  electro¬ 
lytes,  and  bright  gold  deposits  [7-11]  from  cyanide  electro¬ 
lytes,  in  presence  of  various  brighteners.  In  our  opinion  electro¬ 
lytes  with  additions  of  thiourea  are  the  most  promising,  since 
both  copper  and  gold  can  be  deposited  separately  in  the  form 
of  bright  coatings  from  cyanide  electrolytes  [5-7],  or  an  elec¬ 
trolyte  containing  Trllon  B  as  a  brlghtener  for  copper  [1].  We 
therefore  concentrated  mainly  on  electrolytes  containing 
thiourea,  and  also  tested  the  possible  use  of  electrolytes  con¬ 
taining  Trilon  B.  The  procedure  consisted  of  determination 
of  polarization  curves,  composition,  and  quality  of  the  deposits 
formed.  The  cathodes  were  polished  brass  plates  of  total  area 
4.87  cm*  the  anodes  platinum-plated  iron.  The  electrolyte 
composition  was  adjusted  at  Intervals  in  accordance  with 
analytical  data  for  all  the  components. 

In  experiments  with  electrolyte  containing  Trilon  B, 
layers  up  to  2  p  thick  which  did  not  require  further  polishing 
could  be  obtained  from  the  freshly-prepared  solution;  however, 
the  electrolyte  is  unstable  and  cannot  be  regenerated  after 
use  (the  original  electrolyte  contained  2  g  Au,  1.56  g  Cu,  and 
2  g  free  KCN  per  liter). 

Thiourea  in  amounts  from  0.7  to  1.0  g/liter  [6]  was  ad¬ 
ded  to  various  electrolytes,  containing  2-4ggoldand  1.5-20  g 
of  copper  (as  the  metals)  and  8-18  g  of  free  potassium  cyanide 
per  liter. 

Some  selected  results  are  given  in  Figs.  1-3  and  in  the 

table. 
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Fig.  2.  Variations  of  the  capacity  of  the  double 
layer  on  gold  electrodes  with  the  i  Mrrent  density 
used  for  electrodeposition:  A)  capacity  (MF/cm*); 
B)  current  density  (amp/cm*);  electrolyte  compo¬ 
sition  (g/ liter):  1)  Au  4,  KCNffgg  17.0;  2)  Au  4, 
KCNfree  (NH2)2CS  0.7. 


It  is  clear  from  the.  polarization  curves  in  Fig.  1 
that  addition  of  thiourea  to  copper  cyanide  electrolyte 
facilitates  discharge  of  complex  anions  of  type 
[Cu(CN)j]~  and  [Cu(CN)3]  ,  in  accordance  with  the 

retarded-discharge  theory  (in  solutions  of  pH  >  7  thio¬ 
urea  is  a  surface-active  agent  of  the  cationic  type 
[6]).  However,  at  very  high  current  densities  the  cur¬ 
rent  efficiency  for  copper  is  rather  low,  while  dis¬ 
charge  of  water  molecules  is  not  retarded  by  surface- 
active  agents,  and  tlie  electrode  potential”  current 
density  curves  for  solutions  with  and  without  the  ad- 
tltive  almost  coincide  (curves  1  and  2  in  Fig.  1). 

Discharge  of  the  complex  [Au(CN)2]"  anions  is 
retarded  mainly  as  the  result  of  concentrational  polari¬ 
zation  [3,  12]  and  additiion  of  thiourea  to  the  electro¬ 
lyte  does  not  influence  the  nature  of  the  p  'larizatlon 
curve  at  Dc  ^  lum*  current  densities  higher 

than  the  limiting  current  density  for  discharge  of  gold 
ions  (i^jm)  at  a  given  concentration  of  these  ions  in  the 
electrolyte  the  polarization  curves  diverge  by  30-35  mv, 
when  the  curve  for  the  solution  with  added  thiourea 
(curve  3)  lies  at  higher  negative  values  of  the  potential. 
This  result  is  easily  explained  in  terms  of  the  nature 
of  the  deposits  formed.  Specific  adsorption  of  the 


Composition  of  Quality  of  the  Deposits  Formed  Dc  =  1  amp/ dm*,  t  =  60  ±  2* 


Electrolyte  composition  (g/liter) 

Thickness 
of  deposit 
(/i) 

Comoosition 
of  deposit  (%) 

1 

1 

Nature  of  deposit 

Au  2,  Cu  19,  KCNfjgg  16 

2.4 

Au-70.2 

Cu-29.8 

Compact,  dull  with  slight  luster, 
golden  pink 

( 

2.3 

Au-36.3 

Compact,  bright,  pink  with  slight 

Au  2,  Cu  1.9,  KCNf^gg  16  1 

Cu-63.7 

dull  edges 

thiourea  0.7  j 

1.9 

Au-34.0 
Cu-  66.0 

Compact,  bright,  pink 

Au  2,  Cu  13.3,  KCNf^^^  16 

1.6 

Au— 44.3 

Compact,  bright  with  dull  edges. 

thiourea  0.7 

Cu-55.7 

pink 

cation-active  additive  does  not  influence  the  discharge  potential  of  HjO  molecules,  but  the  presence  of  the  ad¬ 
sorption  film  leads  to  a  sharp  improvement  in  the  quality  of  the  deposits  formed.  If  the  dispersity  of  the  gold  de¬ 
posits  formed  is  estimated  by  measurements  of  the  capacity  of  the  double  layer  with  the  aid  of  alternating  current 
anda  compensation  bridge  [13, 14],  it  is  found  from  the  results  of  measurements  in  solutions  of  H2SO4  (pH  =  3)  +0.5N 
Na2S04  that  me  capacity  of  gold  electrodes  formed  from  electrolytes  without  thiourea  is  50-290 pF/ cm*  (accord¬ 
ing  to  the  current  density)  whereas  the  capacity  of  gold  deposits  formed  from  electrolytes  with  additions  of  0.7  g 
thiourea  per  liter  is  50-97  pF/cm*.  These  results  are  presented  in  Fig.  2.  If  the  current  densities  are  calculated 
per  unit  true  surface  area,  the  polarization  curves  for  solutions  with  and  without  the  additive  almost  coincide.  It 
must  be  pointed  out  that  capacity  determinations  for  specimens  obtained  at  current  densities  D^.  <  i^j^  give  similar 
results  (50-58  pF/cm*)  irrespectively  of  the  type  of  electrolyte  (with  or  witiiout  thiourea)  from  which  the  deposit 
was  formed. 

Polarization  curves  for  gold  — copper  electrolytes  are  shown  in  Fig.  1  (curves  5  and  6).  Depolarization  of 
the  copper-deposition  process  owing  to  formation  of  Cu— Au  solid  solution  shifts  the  polarization  curves  in  the 


direction  of  higher  positive  potentials  at  Dc  >  fiim*  The 
copper  content  in  deposits  formed  from  solutions  with  added 
thiourea  is  considerably  higher  than  in  deposits  from  electro¬ 
lytes  without  the  additive  (see  table). 

Data  for  the  electrolyte  without  added  thiourea  are 
taken  from  the  previous  paper  [4]. 

It  follows  from  the  table  that  addition  of  thiourea  to 
the  solution,  apart  from  raising  the  copper  content  of  the  de¬ 
posit,  results  in  a  considerable  change  in  the  external  appear¬ 
ance  of  the  deposits,  which  become  bright,  but  are  slightly 
dull  at  the  edges  at  thickness  greater  than  2  fi. 

In  view  of  the  purpose  of  the  investigation,  it  was  neces¬ 
sary  to  raise  the  gold  content  of  the  deposit  to  70-80  wt.%. 

The  character  of  the  polarization  curves  for  the  mixed 
electrolyte  suggested  that  increases  of  electrolyte  temperature 
and  current  density  would  increase  the  copper  content  of  the 
deposit,  which  is  undesirable.  In  addition  to  increasing  the 
copper  content  of  the  deposit,  the  use  of  higher  current  den¬ 
sities  for  electrolysis  had  an  adverse  effect  on  the  deposit 
quality.  Therefore,  the  most  acceptable  procedure  was  to 
decrease  the  copper  content  of  the  solution.  The  results  of 
of  these  experiments  are  given  in  Fig.  3,  which  shows  that  in  presence  of  0.7  g  thiourea  per  liter  in  the  electrolyte 
bright  deposits  of  gold— copper  alloy  ,  corresponding  in  color  to  gold  583  fine  are  obtained  when  the  copper  content 
of  the  electrolyte  is  3-4  g/ liter,  whereas  coatings  of  the  same  composition  (but  dull)  are  obtained  under  the  same 
conditions  from  an  electrolyte  without  the  additive  with  a  copper  content  of  7-8.5  g/ liter. 


Fig.  3.  Effect  of  the  copper  content  of 
gold-copper  electrolyte  on  the  composi¬ 
tion  of  the  deposit:  A)  copper  content 
of  deposit  (wt.  <^o):  B)  copper  content  of 
solution  (g/ liter):  composition  of  electro¬ 
lyte  (in  addition  to  copper)  in  g/ liters: 

Au  2.  KCNfree  19,  (NHj)2CS  0.7;  tem¬ 
perature:  60  ±  2",  =  1  amp/dm*. 


The  presence  of  some  dull  scale  on  coatings  which  in  general  have  a  fairly  higher  luster  is  due  to  irregular 
distribution  of  current  over  the  specimen  surface.  This  could  be  avoided  by  stirring.  Agitation  by  means  of  air 
bubbles  is  unsuitable  for  cyanide  electrolytes  [12],  and  we  therefore  tried  mechanical  agitation  of  the  electrolyte 
by  means  of  stirring,  and  agitation  by  means  of  ultrasonics. 

Stirring  by  means  of  ordinary  blade  stirrers  at  a  very  moderate  rate  gave  the  desired  results  —  the  deposits 
formed  were  mirror-bright  and  did  not  require  any  polishing. 

Agitation  increases  the  limiting  current  for  discharge  of  gold  ions,  so  that  the  current  density  was  correspond¬ 
ingly  increased  and  the  KCN  content  was  lowered  somewhat  in  order  to  increase  the  total  current  efficiency;  the 
best  results  were  obtained  with  an  electrolyte  of  the  following  composition  (in  g/ liter):  Au  (as  metal)  2,  Cu  (as 
metal  )  9-10,  KCNf^ge  10-12,  thiourea  0.6-0. 8;  temperature  60  ±  2“,  17  =  63-69^o,  D^.  =  1.5  amp/dm*. 


Similar  results  (mirror-bright  deposits)  were  obtained  with  ultrasonic  agitation  of  the  electrolyte.  The  ultra 
sonic  source  was  generator  with  a  piezoelectric  quartz  osicllator.  It  should  be  noted  that  the  best  agitation  was 
obtained  at  an  oscillator  frequency  of  650-680  kilocycles/ second;  increase  of  the  frequency  to  800  kilocycles  at 
the  same  power  gave  deposits  of  much  worse  quality  (dull,  uneven,  sometimes  powdery).  Such  effects  had  been 
observed  earlier  by  other  workers  [15,  16]  and  are  not  discussed  here. 

Further  investigations  were  concerned  with  the  stability  of  the  electrolyte  in  use;  several  series  of  specimens 
were  coated  during  13  days  of  continuous  operation  of  the  bath,  during  which  time  50  amp-hr  was  passed  per  liter 
of  electrolyte,  i.e.,  the  metal  content  of  the  bath  was  renewed  repeatedly.  There  was  no  changes  in  the  quality 
or  composition  of  the  deposits,  and  therefore  it  may  be  assumed  that  the  electrolyte  is  very  stable  in  operation  if 
the  composition  is  correctly  adjusted. 

Tests  of  the  quality  of  the  coating  on  silver  objects  kindly  provided  by  the  2nd  Leningrad  Jewelry  Factory 
also  demonstrated  that  our  electrolyte  is  completely  suitable  for  production  of  bright  copper—  gold  alloy  coatings 
780-800  fine. 
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SUMMARY 


1.  Studies  of  polarization  curves  and  of  the  dependence  of  the  deposit  composition  on  current  density  and 
electrolyte  composition  have  led  to  the  development  of  a  method  for  production  of  bright  gold— copper  alloy  coat¬ 
ing  from  cyanide  electrolytes  containing  thiourea. 

2.  An  electrolyte  composition  and  electrolysis  condition  have  been  worked  out  for  formation  of  gold— cop¬ 
per  alloy  coating  780-800  fine.  The  coating  do  not  require  subsequent  polishing  (hey  are  mirror-bright). 

3.  The  electrolyte  Is  stable  in  operation;  tests  showed  that  It  is  quite  suitable  for  production  of  bright  gold- 
copper  coatings  of  jewelry. 
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THE  STATE  OF  NICKEL  IN  AMMONIACAL  TARTRATE 
AND  CITRATE  SOLUTIONS 

T.  F.  Fi-antievtch-Zabludovskaya,  A.  I.  Zayats,  and 
V.  T.  Barchuk 

Rational  control  of  electrolytic  processes  requires  an  understanding  of  electrode  processes.  In  particular.  In 
order  to  understand  the  mechanism  of  electrodeposition  of  alloys  of  tungsten  and  molybdenum  with  nickel  from 
ammonlacal  hydroxy-acld  solutions  It  Is  necessary  to  know  the  state  of  the  nickel  Ions  In  solution. 

Several  Investigators  have  studied  the  Interaction  of  metals  of  the  Iron  group  with  tartaric  and  citric  acids 
and  their  salts  [1-6].  According  to  their  results,  bivalent  metals  of  the  Iron  group.  Including  nickel,  form  com¬ 
plexes  with  metal-citrate  ratios  of  1 : 1  and  1 : 2  In  acid  and  1 : 1  In  alkaline  and  neutral  media.  Excess  of  alkali 
or  ammonia  may  break  down  the  complex  with  formation  of  the  metal  hydroxide,  which  forms  a  complex  ammlne 
cation  in  presence  of  ammonia.  It  has  also  been  shown  that  the  citrate  complex  Is  more  stable  than  the  tartrate 
complex  [1 , 2]. 


A 


Fig.  1.  Optical  density  of  nickel  solutions:  A)  wavelength  (m/i);  B) optical  density; 
concentrations  (moles/ liter):  nickel  sulfate  0.2,  ammonium  hydroxide  2,  potassium - 
sodium  tartrate  0.5.  1)  Nickel  sulfate;  2)  the  same,  with  ammonium  hydroxide; 

3)  nickel  sulfate  with  Rochelle  salt;  4)  the  same  with  ammonia. 

The  view  was  put  forward  in  our  earlier  papers  [7,  8]  that  in  ammoniacal  citrate  and  tartrate  electrolytes 
used  for  electrodeposition  of  alloys  of  molybdenum  and  tungsten  with  nickel,  the  latter  is  discharged  from  a  com¬ 
plex  hydroxy-acld  anion.  The  basis  for  this  hypothesis  was  the  existence  of  only  one  maximum  of  light  absorption 
for  ammoniacal  citrate  electrolytes,  and  the  considerable  shift  of  the  deposition  potential  of  nickel  in  the  negative 
direction  as  compared  with  ammoniacal  electrolytes.  To  verify  this  hypothesis,  we  carried  out  additional  inves¬ 
tigations  of  the  absorption  spectra  of  nickel  sulfate  solutions  in  presence  of  citrates  or  tartrates,  ammonia,  and  mix¬ 
tures  of  these,  and  also  determined  the  sign  of  the  charge  on  the  nickel-containing  particles. 
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Fig.  2.  Optical  density  of  nickel  solutions:  A)  wavelength;  B)  op¬ 
tical  density;  concentrations  (moles/ liter):  nickel  sulfate  0,2,  am¬ 
monium  hydroxide  2.  1)  Nickel  sulfate  +  0.1  mole  sodium  citrate; 

2)  nickel  sulfate  +  0.2  mole  sodium  citrate;  3  and  4)  nickel  sulfate + 
+  0.5  mole  sodium  citrate;  5)  nickel  sulfate  +  ammonium  hydroxide  + 

+  0.1  mole  sodium  citrate;  6)  nickel  sulfate  +  ammonium  hydroxide  + 

+  0.2  mole  sodium  citrate;  7)  nickel  sulfate  +  ammonium  hydroxide  + 

+  0.5  mole  sodium  citrate;  8)  nickel  sul fate  +  ammonium  hydroxide. 


EXPERIMENTA  L 

Spectrophotometric  Studies.  The  absorption  spectra  were  determined  by  means  of  the  SF-4  quartz  spectro¬ 
photometer.  The  compositions  of  the  solutions  studied,  given  in  Table  1,  are  close  to  the  component  concentra¬ 
tions  in  electrolytes  used  in  production  of  alloys  of  molybdenum  and  tungsten  with  nickel. 

The  results  are  given  in  Fig.  1  and  Fig.  2.  Figure  1  (curve  1)  shows  the  optical  density  of  nickel  sulfate  solu¬ 
tions  (Table  1,  solution  No.  1).  The  curve  passes  through  a  flat  extended  maximum  corresponding  to  a  wavelength 
of  725  m(i.  Addition  of  two  moles  of  ammonia  to  this  solution  produces  an  intense  blue  color  characteristic  of 
nickel  ammine,  and  sharply  increases  the  optical  density,  the  maximum  of  which  corresponds  to  590  mp  (Fig.  1, 
curve  2).  Nickel  sulfate  solution  containing  tartrate  (Table  1,  solution  No.  3),  of  an  emerald -green  color,  has  a 
very  high  optical  density,  the  maximum  of  which  lies  in  a  region  of  relatively  short  wavelengths  at  395  m^l  (Fig.  1, 
curve  3).  In  presence  of  both  complex  formers  in  solution  (Fig.  1,  curve  4),  the  latter  maximum  is  shifted  by 
30  m/i  in  the  direction  of  shorter  wavelengths,  with  some  decrease  of  intensity,  whereas  the  intensity  and  position 
of  the  absorption  maximum  for  the  ammine  complex  remain  unchanged. 

The  data  in  Table  1  for  solutions  Nos.  2  and  5-8  (Fig.  2)  show  that  the  optical  density  maxima  for  ammoni- 
acal  and  citrate  solutions  of  nickel  sulfate  are  at  similar  wavelengths,  especially  for  neutral  and  alkaline  solu¬ 
tions.  The  maxima  of  curves  1,  2,  and  3  in  Fig.  2,  which  represent  data  for  solutions  Nos.  5,  6,  and  7  of  Table  1, 
correspond  to  a  wavelength  of  660  m/i;  with  a  deficiency  of  sodium  citrate  (Fig.  2,  curve  1)  an  indistinct  ab¬ 
sorption  maximum  corresponding  to  nickel  sulfate  may  be  detected.  When  the  solution  acidity  is  decreased  to 
pH  =  7  and  higher,  the  green  solutions  acquire  a  bluish  tinge,  and  the  absorption  maximum  is  shifted  (by  23  rn/i) 
in  the  direction  of  shorter  wavelengths  (Fig.  2,  curve  4).  Addition  of  two  moles  of  ammonia  to  these  solutions 
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Fig.  3.  Vessel  for  determination 
the  sign  of  tlie  charge:  a)  initial 
boundary  between  electrolyte  and 
buffer;  b)  two-way  cocks. 


shifts  the  maximum  still  further  in  the  direction  of  shorter  wave-, 
lengths,  and  a  second  maximum  Is  not  observed  (Fig.  2,  curves  5,  6 
and  7).  The  optical-density  curve  of  an  ammonlacal  nickel  sulfate 
solution  is  shown  for  comparison  (Fig.  2,  curve  8).  Comparison  of 
curves  5,  6,  7, and  8  shows  that  the  maxima  of  curves  8  and  5,  l.e., 
ammonlacal  and  citrate  nickel  sulfate  solutions  with  a  deficiency  of 
sodium  citrate,  correspond  to  almost  the  same  wavelength  —  890  and 
600  mp,  respectively.  With  the  molar  concentrations  of  nickel  sul¬ 
fate  and  sodium  citrate  In  1 : 1  ratio,  as  with  excess  sodium  citrate 
(Fig.  2,  curves  6  and  7)  the  maximum  lies  between  the  maxima  cor¬ 
responding  to  the  ammonlacal  and  the  citrate  nickel  sulfate  solu¬ 
tions,  i.e.,  at  615  mp.  It  must  be  noted  that  the  optical  density  of 
mixed  cltrate-ammoniacal  solutions  is  much  higher  than  that  of  each 
separately. 

Determination  of  the  Sign  of  the  Charge  of  the 
Nickel-Containing  Ions 

The  cell  (Fig.  3)  with  nonpolarizing  copper— copper  sulfate 
electrodes  was  used  for  the  determinations  which  were  performed  at 
140  V  and  current  strength  ~  20  ma.  The  composition  of  the  solu¬ 
tions  used  are  given  in  Table  2. 

The  conducting  salt  was  ammonium  sulfate  In  ammonlacal 
tartrate  solutions,  and  sodium  sulfate  In  ammonlacal  citrate  solutions. 
The  density  of  the  buffer  solution  was  regulated  by  addition  of  the 
corresponding  sulfate,  and  the  pH  was  adjusted  to  10-11  by  addition 
of  ammonia  so  that  both  the  density  and  the  pH  corresponded  to  those 


TABLE  1 

Solution  Compositions,  Color,  pH,  and  Wavelength  of  the  Absorption  Maxima 


Concentration  ( moles/  liter) 

Wave- 

Solution 

No. 

length  of 
adsorp¬ 
tion 
maxi¬ 
mum 

nickel 

sulfate 

ammo¬ 

nium 

hydro¬ 

xide 

potasslurr 

sodium 

tartrate 

sodium 

citrate 

pH 

Color 

.im) _ 

1 

_ 

5.5 

725 

Pale  green 

2 

2 

— 

— 

11.0 

590 

Intense  blue 

3 

— 

0.5 

— 

6.0 

395 

Emerald  green 

4 

2 

0.5 

— 

10.0  { 

367 

595 

Blue  with  greenish 
tinge 

L 

5 

0.2 

_ 

— 

0.1 

5.5 

660 

6 

— 

0.2 

5.5 

660 

preen 

7 

_ 

— 

0.5 

6.0 

660 

r 

8 

— 

— 

0.5 

7.0 

637 

Bluish  green 

and  over 

9 

10 

2 

2 

— 

0.1 

0.2 

10.5 

10.5 

615 

615 

iBlue  with  greenish 

11 

. 

2 

— 

0.5 

10.5 

615 

1  tinge 

of  the  test  solution.  Before  each  experiment,  the  first  bend  (Fig.  3)  was  filled  with  the  test  solution  to  the  mark 
"a";  the  rest  of  the  volume  was  filled  with  the  buffer.  The  electrode  connected  to  the  first  bend  was  joined  to 
one  of  the  poles  of  a  direct-current  source.  The  movement  of  the  boundary  between  the  colored  solution  and  the 
colorless  buffer  under  the  influence  of  the  current  was  observed;  after  the  experiment  the  presence  of  nickel  was 
detected  qualitatively  in  the  middle  bend  of  the  vessel. 
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TABLE  2 


Composition  of  Solutions  Used  for  Determination  of  the  Sign  of  the  Charge  on  the  Nickel-Containing  Ions 


Composition  of  solution  (moles/ liter) 

Composition  of  buffer  (moles/  liter) 

nickel 

sodium  sul¬ 
fate  or  am- 

potassium 

sodium 

tartrate 

sodium 

ammonium 

sodium  sul¬ 
fate  or  am- 

potassium 

sodium 

tartrate 

sodium 

ammonium 

sulfate 

monium  sul¬ 
fate 

citrate 

hydroxide 

monium 

sulfate 

citrate 

hydroxide 

0.2 

0.1 

0.5 

- 

2 

0.1 

0.5 

- 

2 

0.2 

0.1 

- 

0.5 

2 

0.1 

- 

0.5 

2 

The  results  are  given  in  Table  3. 

Our  observations  lead  to  the  conclusion  that  whereas  the  nickel-containing  ions  in  ammoniacal  irtrate  solu¬ 
tions  are  positively  charged,  ammoniacal  citrate  electrolytes  contain  both  positive  and  negative  ions  containing 
nickel.  Additions  of  0.06  mole  of  molybdenum  or  up  to  0.15  mole  of  tungsten  per  liter  to  these  solutions  do  not 
affect  the  behaviour  of  the  electrolyte  in  the  electric  field. 

DISCUSSION  OF  RESULTS 

Tlie  following  conclusions  may  be  drawn  from  our  results  in  conjunction  with  data  available  in  the  literature. 

in  alkaline  ammoniacal  tartrate  solutions  nickel  forms  both  an  ammine  complex  and  a  tartrate  compound; 
this  is  shown  by  the  existence  of  two  maxima  in  the  spectrum,  corresponding  to  the  maximum  optical  density  of 
each  compound  separately  (Fig.  1,  curve  4).  According  to  the  views  of  some  authors  [2,  3]  complex  anions,  con¬ 
taining  nickel  should  be  formed  under  these  conditions.  However,  this  viewpoint  is  not  confirmed  by  our  deter¬ 
minations  of  the  sign  of  the  charge  at  the  ratio  of  the  component  concentrations  used.  It  seems  that  the  existence 
of  an  undissociated  and  uncharged, or  a  very  slightly  dissociated, compound  of  nickel  with  the  tartrate  salt  must 
be  assumed  in  this  case. 

TABLE  3 


Direction  of  Moving  Boundary 


Nickel  electrolyte 

Pole  connected 

Observed  direction  of  moving 
boundary 

Presence  of  nickel  in 

middle  bend 

Ammoniacal  j 

citrate  I 

/ 

Negative 

Positive 

Rapid  movement  toward  anode 
Boundary  moves  toward  anode. 
Solution  above  boundary  up 
to  the  third  stopcock  (Fig.  3) 
becomes  violet-bluish 

1  Detected 

Ammoniacal  / 

Negative 

Movement  toward  cathode 

Not  detected 

tartrate  | 

Positive 

Movement  toward  cathode 

Detected 

The  situation  is  different  in  alkaline  ammoniacal  citrate  solutions.  Experiments  on  determination  of  the 
sign  of  the  charge  on  the  nickel-containing  ions  show  that  the  solutions  contain  both  positive  and  negative  nickel- 
containing  ions.  Spectrophotometric  investigations  of  these  solutions  revealed  only  one  maximum. 

Recently  Sychev  [6]  studied  citrate  complexes  of  certain  bivalent  metals,  including  nickel  in  acid  and  al¬ 
kaline  media.  According  to  his  results,  their  structure,  number  of  negative  charges,  and  stability  differ  in  these 
respective  media.  In  agreement  with  this,  we  also  found  that  the  wavelengtih  of  the  absorption  maximum  and  the 
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color  of  citrate  nickel  solutions  vary  with  pH  (Fig.  2,  curves  1-4).  When  excess  ammonia  Is  added  to  these  solu¬ 
tions,  two  types  of  nickel  complexes  should  be  formed,  the  concentrations  of  which  are  determined  by  their  stabil¬ 
ity  constants  and  the  concentrations  of  the  components.  Accordingly,  there  should  be  two  absorption  maxima  on 
the  spectrophotometrlc  curves,  provided  that  these  complexes  do  not  interact.  However,  we  found  only  one  max¬ 
imum  for  the  solution  studied,  of  a  much  greater  Intensity,  corresponding  to  a  certain  Intermediate  wavelength. 
This  indicates  Interaction  between  the  two  types  of  complex  with  possible  formation  of  a  new  complex  compound, 
the  composition  of  which  may  be,  for  example,  [Ni(NH3)g]  [NiClt].  Such  a  compound  can  yield  both  types  of 
nickel-containing  Ions  In  solution. 

Thus,  our  earlier  hypothesis  that  In  the  electrodeposition  of  alloys  of  nickel  with  tungsten  or  molybdenum, 
from  such  solutions, nickel  is  liberated  at  the  cathode  from  a  complex  anlon,does  not  quite  correspond  to  reality. 

It  may  be  asserted  with  confidence  that  in  this  instance  cathodic  reduction  of  nickel  takes  place  predominantly 
from  a  complex  ammine  cation.  It  is  also  possible  that  complex  nickel  citrate  anions  or  uncharged  nickel  tartrate 
compounds  are  partially  involved  in  the  electrode  process;  on  entering  the  cathode  field  by  diffusion,  they  may  act 
as  dipoles.  The  appreciable  shift  of  the  potential  of  nickel  liberation  In  the  negative  direction  observed  when 
salts  of  hydroxy  acids  are  added  to  ammoniacal  nickel  solutions  [7,  9]  is  evidently  due  to  a  decrease  In  the  con¬ 
centration  of  the  ammine  cations. 


SUMMARY 

1.  It  was  shown  by  determinations  of  ion  transfer  under  the  action  of  current  that  ammoniacal  citrate  solu¬ 
tions  contain  both  positively  and  negatively  charged  nickel  complexes,  whereas  anions  were  not  detected  In  am¬ 
moniacal  tartrate  solutions. 

2.  Measurements  of  optical  density  in  ammoniacal  tartrate  solutions  revealed  two  absorption  maxima,  the 
wavelengths  of  which  correspond  to  an  ammine  and  a  tartrate  compound  of  nickel. 

Ammoniacal  citrate  solutions  give  only  one  maximum,  the  nature  of  which  indicates  interaction  between 
positively  and  negatively  charged  complexes. 

3.  Nickel  is  discharged  predominantly  from  complex  ammine  cations  in  ammoniacal  hydroxy-acid  electro¬ 
lytes. 
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SEPARATION  OF  MIXTURES  OF  ALCOHOLS  AND  HYDROCARBONS 


BY  EXTRACTION 


V.  B.  Kogan,  V.  M.  Fridman,  and  T.  G.  Romanova 


In  some  industrial  processes,  such  as  the  production  of  aliphatic  alcohols,  mixtures  of  alcohols  and  hydro¬ 
carbons  may  be  formed  and  have  to  be  separated. 

Our  purpose  in  the  present  investigation  was  to  study  the  possibility  of  separating  mixtures  of  alcohols  and 
hydrocarbons  by  extraction.  Tests  of  various  substances  showed  that  effective  solvents  for  this  purpose  are  poly- 
hydrlc  alcohols,  such  as  ethylene  glycol  which  has  sharply  different  miscibilities  with  aliphatic  alcohols  and  hydro¬ 
carbons,  respectively. 


TABLE  1 

Compositions  and  Densities  of  Saturated  Solutions  in  the  System 
Heptane-  Butanol— Ethylene  Glycol 


Solution  composition  (wt.  °h) 

Density 
at  20" 

heptane 

butanol 

ethylene 

glycol 

0.23 

4.61 

95  16 

1.0934 

0.38 

9.02 

90.60 

1.07.58 

0..')0 

12.91 

86.59 

1.0606 

1.17 

18.92 

79.91 

1.0352 

2.30 

21.95 

75.75 

1.0203 

3.73 

29.75 

66.52 

0.9828 

5.00 

33.20 

61.80 

0.9652 

6.07 

35.01 

58.92 

0.9542 

7.31 

36.51 

.56.18 

0.9440 

9.41 

39.26 

51.33 

0.9246 

11.77 

40.70 

47.53 

0.9091 

16.25 

42.28 

41.47 

0.8842 

1‘>.34 

42.63 

38.03 

0.8701 

27..5G 

41.96 

30.48 

0.8378 

33.47 

40.18 

26.35 

0.8190 

40.59 

37.29 

22.12 

0.7986 

47.17 

35.01 

17.82 

0.7818 

51.18 

33.10 

1.5.72 

0  7715 

58.30 

29.70 

12.00 

0.7544 

63.47 

26.88 

9.65 

0.7431 

67.00 

25.00 

8.00 

0.7353 

73.05 

21.14 

5.81 

0.7237 

77.94 

17.95 

4.11 

0.7149 

84.78 

12.90 

2.32 

0.7036 

92.63 

6.61 

0.76 

0.6928 

Data  on  liquid-phase  equilibria  in  the  system  alcohol- hyrocarbon —ethyleneglycol  are  required  for  quan¬ 
titative  evaluation  of  tlie  effectiveness  of  separation  of  alcohol-hydrocarbon  mixtures.  The  system  butyl  alcohol— 
n— heptane-ethylene  glycol  was  chosen  as  a  typical  system. 
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The  physical  constants  of  the  butanol  and  heptane  used  are  given  in  an  earlier  paper  [1],  Ethylene  glycol 
was  of  "analytical"  grade,  and  had  the  following  constants* 


Constant  Experimental  data 

d^*®  1.113 

n^D  1.4316 

B.p.  at  760  mm  197.2“ 


Fig.  1.  Effect  of  composition  on  the  density  of 
saturated  solutions  in  the  system  heptane—  butyl 
alcohol— ethyleneglycol;  A)  density;  B)  con¬ 
tents  of  components:  1)  ethylene  glycol;  2)  butyl 
alcohol;  3)  heptane  (in  wt.  %). 


Literature  data  [2] 

1.113 
1.4318 
197.4“ 

The  water  contents  of  butanol  and  ethylene  gly¬ 
col,  determined  volumetrically  by  means  of  calcium 
hydride,  were  respectively  0.07  and  0.2^0  by  weight. 

The  solubility  determinations  in  this  system  were  car¬ 
ried  out  at  20“;  the  temperature  was  maintained  con¬ 
stant  within  ±  0.05“by  means  of  a  Hoppler  thermostat. 

Compositions  of  the  saturated  mixtures  lying  on 
the  binodal  line  were  determined  by  titration  to  turbid¬ 
ity.  These  compositions  were  determined  more  ac¬ 
curately  by  weighing  on  an  analytical  balance  to  an 
accuracy  of  ±  0.0002  g.  The  densities  of  tliese  mix¬ 
tures,  given  in  Table  1,  were  determined  in  pycnom¬ 
eters  25  ml  in  volume. 

The  data  in  Table  1  were  used  for  determination 
of  the  compositions  of  the  equilibrium  phases  as  follows. 
Weighed  quantities  of  the  components  were  thoroughly 
mixed  and  allowed  to  separate  out;  the  curves  in  Fig. 

1  (based  on  the  data  in  Table  1)  were  then  used  to  find 
the  composition  of  the  equilibrium  phases  from  the 
densities. 

The  compositions  of  the  original  heterogeneous 
system  and  the  compositions  found  for  the  layers  are 
represented  in  the  triangular  diagram  in  Fig.  2.  Ac¬ 
curacy  of  the  experimental  data  was  confirmed  by  the 
fact  that  the  points  for  the  over- all  composition  of  the 
original  mixtures  and  for  the  compositions  of  the  equi¬ 
librium  phases  fitted  fairly  accurately  on  the  same 
straight  line. 


TABLE  2 


Composition  of  Equilibrium  Phases  in  the  System  Heptane— Butanol— Ethylene  Glycol 


Com¬ 

position 

No. 

Ethylene  glycol  layer 

Hydrocarbon  layer 

Distribution 
coefficient 
of  butanol 

heptane 

butanol 

ethylene 

glycol 

heptane 

butanol 

ethylene 

glycol 

1 

o.3r. 

7.50 

92.15 

98.6 

1.3 

0.1 

5.770 

2 

0.8 

16.0 

83.2 

95.9 

3.7 

0.4 

4.324 

3 

1.5.") 

21.3 

77.15 

94.45 

5.0 

0.55 

4.260 

4 

3.3.') 

29.15 

67.5 

91.05 

7.8 

1.15 

3.737 

5 

5.5.") 

34.1 

60.35 

87.15 

10.9 

1.95 

3.128 

6 

8.75 

38.5 

52.75 

83.5 

13.9 

2.6 

2.770 

7 

13.7 

41.5 

44.8 

76.2 

18.9 

4.9 

2.196 

8 

20.8 

42.7 

36.5 

68.7 

24.0 

7.3 

1.780 

9 

29.3 

41.4 

29.3 

59.0 

29.4 

11.6 

1.408 

10 

44.4 

3»).3 

19.3 

44.4 

36.3 

19.3 

1 

♦  Critical  point. 
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Fig.  2.  Liquid— liquid  equilibrium  diagram  for  the  system 
heptane— butyl  alcohol— ethylene  glycol. 


A 


Fig,  3.  Variation  of  the 
distribution  coefficient  of 
butanol  in  the  system  hep¬ 
tane— butanol— ethylene  gly¬ 
col  with  the  butanol  con¬ 
tent  of  the  glycol  layer: 

A)  distribution  coefficient 
of  butanol;  B)  butanol  con¬ 
tent  (wt.‘7o). 


The  compositions  of  the  equilibrium  phases  and  the  composition  of  the 
mixture  at  the  critical  point  (determined  by  Alekseev’s  method)  are  given 
in  Table  2. 

The  same  table  also  contains  distribution  coefficients  of  butanol,  cal¬ 
culated  from  the  equilibrium  data. 

Variation  of  the  distribution  coefficient  with  composition  is  plotted 
graphically  in  Fig.  3. 

It  is  clear  from  these  data  that  butanol  passes  into  the  lower  (glycol) 
layer  at  all  mixture  compositions. 

Fig.  3  shows  that  at  mixture  compositions  fairly  far  from  the  critical 
point,  the  distribution  coefficient  of  butanol  is  very  high,  of  the  order  of  3-4; 

These  results  show  that  ethylene  glycol  is  a  very  effective  solvent  for 
separation  of  alcohol— hydrocarbon  mixtures  by  extraction.  The  following 
experiments  were  performed  to  show  that  this  process  is  feasible.  A  solution 
containing  40<5b  butanol  and  60%  heptane  by  volume,  was  prepared  and  was 
subjected  to  single  extractions  with  ethylene  glycol  in  various  proportions 
by  volume.  The  experiments  were  carried  out  in  a  graduated  vessel  for 
direct  determination  of  the  layer  volumes.  The  mixture  was  extracted  for 
0.5  hour,  and  then  allowed  to  separate.  Because  of  the  large  density  difference 
between  the  mixture  and  the  extractive  solvent,  the  separation  was  very  rapid 
and  complete. 

The  following  results  were  obtained: 


Volume  ratio  of  mixture  to  ethylene  glycol  2:1  1:1  1:2  1:3  1:1* 

Butanol  content  (wt.%)  in  heptane  layer  after  extraction '.....  12.8  5.0  1.8  0.97  0.22 


It  is  clear  from  these  results  that  a  single  extraction  with  a  2  to  3-fold  quantity,  or  two  extractions  with  an 
equal  volume  of  ethylene  glycol,  are  sufficient  to  isolate  the  almost  pure  hydrocarbon  from  mixtures  with  butanol. 

•  Twofold  extraction. 
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It  was  of  Interest  to  compare  ethylene  glycol  and  glycerol  as  solvents,  as  these  substances  are  the  simplest 
representatives  of  the  homologous  series  of  di-  and  trihydric  alcohols. 

Because  of  the  high  viscosity  of  glycerol,  aqueous  solutions  of  glycerol  and  ethylene  glycol  were  compared 
as  extractive  solvents.  Their  viscosities  are  sharply  reduced  on  dilution  even  with  small  amounts  of  water,  and 
they  are  much  easier  to  use  as  solvents.  The  same  graduated  vessels  were  used  for  experiments  on  consecutive 
extractions  of  butanol— heptane  mixture  by  aqueous  solutions  of  ethylene  glycol  and  glycerol.  The  results  of  these 
experiments  are  given  in  Table  3. 


TABLE  3 

Extraction  of  Butanol— Heptane  Mixture  by  Aqueous  Solutions  of  Ethyl¬ 
ene  Glycol  and  Glycerol. 


Extraction  No. 

Solvent 

80<^  glycerol  and  20*71) 
water  by  volume 

80%  ethylene  gly¬ 
col  and  20%  water 
by  volume 

1 

35 

7.2 

2 

31 

0.5 

3 

25 

- 

4 

18 

- 

5 

10 

- 

Table  3  gives  the  butanol  contents  (in  volume  %)  in  the  upper  hydrocarbon  layer  after  each  extraction.  The 
results  show  that  aqueous  ethylene  glycol  Is  as  effective  as  the  anhydrous  compound  for  separation;  glycerol  is  a 
much  less  effective  solvent  than  ethylene  glycol. 

The  results  of  this  investigation  show  that  when  a  mixture  of  an  alcohol  and  a  hydrocarbon  Is  extracted  by 
ethylene  glycol,  the  upper  layer  Is  the  almost  pure  hydrocarbon  which  can  easily  be  separated  by  decantation. 

The  lower  layer,  which  is  a  mixture  of  butanol  with  ethylene  glycol  or  with  ethylene  glycol  and  water,  can  be 
separated  by  ordinary  rectification  without  difficulty. 

The  results  formed  the  basis  of  an  industrial  process  for  separation  of  mixtures  of  hydrocarbons  and  aliphatic 
alcohols  [3]. 


SUMMARY 

1.  A  method  is  proposed  for  separation  of  mixtures  of  aliphatic  alcohols  and  hydrocarbons  by  solvent  ex¬ 
traction  with  the  aid  of  ethylene  glycol. 

2.  The  original  mixtures  can  be  separated  completely  by  one  or  two  extractions  either  with  pure  ethylene 
glycol  or  with  its  aqueous  solutions. 

3.  The  pure  hydrocarbon  is  obtained  directly  by  the  extraction  process,  and  the  alcohol  can  be  isolated 
from  the  lower  layer  by  simple  rectification. 
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MAIN  LAWS  GOVERNING  THE  HYDROLYSIS  OF 
POLYSACCHARIDES  IN  HOMOGENEOUS  AND 
HETEROGENEOUS  MEDIA* 

A.  A.  Konkin  and  Z.  A.  RogovIn 

All-Union  Scientific  Research  Institute  of  Artificial  Fibers 


One  of  the  crucial  problems  of  modern  physical  chemistry  of  the  polysaccharides  is  the  influence  of  various 
factors  in  the  stability  of  the  acetal  linkage  in  polysaccharide  macromolecules  to  the  action  of  various  reagents. 
Investigation  of  this  problem  is  not  only  of  great  theoretical  interest,  but  is  of  no  less  important  practical  sifnif- 
Icance  in  relation  to  die  development  of  rational  technological  processes  for  isolation  and  conversion  of  cellu¬ 
lose.  The  stability  of  the  acetal  linkage  in  polysaccharides  is  determined  by  characteristics  of  the  composition 
and  structure  of  the  unit  residues  and  of  the  macromolecular  structure.  Despite  the  great  scientific  and  practical 
importance  of  this  question,  there  have  been  no  systematic  investigations  in  this  field. 

The  literature  contains  numerous  data  relating  to  studies  of  the  influence  of  various  factors  on  the  stability 
of  the  acetal  linkage,  mainly  in  simple  acetals  and  monosides,  to  the  action  of  acids.  However,  such  data  are 
inadequate  for  establishing,  with  sufficient  basis  and  detail,  the  principal  laws  governing  the  stability  of  the  acetal 
linkage  in  monosides,  disaccharides,  and  polysaccharides. 

The  mam  materials  used  up  to  now  in  studies  of  the  hydrolysis  process  have  been  cellulose  and  starch.  How¬ 
ever,  clarification  of  the  problems  associated  with  the  mechanism  and  kinetics  of  hydrolysis  requires  detailed 
studies  of  the  properties  not  only  of  cellulose  but  also  of  other  polysaccharides,  which  differ  from  cellulose  both 
in  the  composition  and  structure  of  the  macromolecules  and  in  physical  structure.  Only  then  is  it  possible  to  es¬ 
tablish  the  general  laws  applicable  to  various  extents  to  all  polysaccharides,  and  to  distinguish  the  specific  proper¬ 
ties  characteristic  of  cellulose..  We  therefore  selected  a  relatively  large  number  of  polysaccharides  for  investiga¬ 
tion.-  Hydrolysis  studies  were  carried  out  on  polysaccharides,  monosides  and  disaccharides  in  homogeneous  media, 
and  of  polysaccharides  in  heterogeneous  media.  The  hydrolysis  rates  of  monosldes/disccharides,  and  polysaccharides 
in  homogeneous  media  are  determined  by  the  composition  and  structure  of  the  macromolecules,  as  the  physical 
structure  does  not  Influence  the  kinetics  in  this  case.  Comparison  of  the  results  of  homogeneous  and  heterogeneous 
hydrolysis  of  polysaccharides  revealed  the  role  and  significance  of  structural  characteristics  in  heterogeneous  hy¬ 
drolysis. 

The  results  obtained  in  studies  of  the  hydrolysis  of  amylose  [1],  mannan  [2],  galactan  [3],  laminarin  [4], 
xylan  [5]  and  chitin  have  been  described  in  a  number  of  papers. 

In  this  paper  we  consider  certain  general  laws  governing  the  hydrolysis  of  polysaccharides  and  simple  model 
compounds  in  homogeneous  and  heterogeneous  media.  Summfui/.ed  data  f>n  the  ratios  of  the  hydrolysis  rates  of 
polysaccharides,  disaccharides,  and  monosides  under  different  reaction  condiiions  ate  given  in  the  table. 

Principal  Laws  Governing  Homogeneous  Hydiolysis  of  Polysaccharides,  Disaccharides, 
and  Monosides 

It  follows  from  the  table  that  cellulose  and  chitin  are  the  most  resistant  to  the  action  of  hydrolytic  agents. 

The  hydrolysis  rates  of  the  other  polysaccharides  are  on  the  average  3-5  times  die  hydrolysis  rate  of  cellulose. 


*  Communication  73  in  the  series  on  the  structure  and  properties  of  cellulose  and  its  derivatives.  Communication 
12  in  the  series  on  the  hydrolysis  of  polysaccharides. 
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Mannan,  galactan,  laminarin,  and  xylan  are  hydrolyzed  at  approximately  the  same  rate  In  a  homogeneous  medium. 
The  hydrolysis  rate  of  amylose  is  approximately  1.5  times  the  hydrolysis  rates  of  these  polysaccharides.  The  poly¬ 
saccharides  form  the  following  series  in  order  of  decreasing  stability  of  the  acetal  linkage  under  the  action  of  acids 
chitin  >  cellulose  >  galactan  >  mannan  >  laminarin  >  xylan  >  amylose.  These  polysaccharides  differ  consider¬ 
ably  from  each  other  both  in  structure  and  composition  of  the  unit  residues  and  in  macromolecular  structure. 
Nevertheless,  these  differences  do  not  cause  any  appreciable  variations  in  the  stability  of  the  acetal  linkage. 
Studies  of  the  kinetics  of  hydrolysis  of  polysaccharides  in  a  homogeneous  medium  lead  to  the  conclusion  that  dif¬ 
ferences  in  the  form  of  the  acetal  linkage  (cellulose,  amylose),  spatical  configuration  of  the  acetal  linkage  (cel¬ 
lulose,  galactan),  spatial  positions  of  the  hydroxyl  groups  (cellulose,  mannan),  position  of  the  linkage  between  the 
residues  (cellulose,  laminarin),  and  presence  or  absence  of  primary  hydroxyl  groups  (xylan,  cellulose)  have  relative 
little  influence  on  the  resistance  of  the  acetal  linkage  to  the  action  of  hydrolytic  agents.  Moreover,  the  sta- 
billty  of  the  glycoside  linkage  changes  little  even  if  the  hydroxyl  group  in  the  a-posltlon  in  the  glycoside  linkage 
is  replaced  by  a  methylated  amino  group  (chitin,  cellulose).  In  monosides  and  polysaccharides  the  carbon  atoms 
are  linked  by  a  single  o -bonds.  In  this  case  the  mutual  influence  of  atoms  not  directly  linked,  separated  bysingle 
bonds,  is  due  to  the  induction  effect  which  dies  down  rapidly  along  the  chain  of  atoms  in  the  molecule.  Even  in¬ 
troduction  of  the  strongly  polar  carboxyl  group  at  the  sixth  carbon  atom  does  not  cause  any  significant  change 
in  the  stability  of  the  acetal  linkage  [6]. 


Ratios  of  Hydrolysis  Rate  Constants  for  Polysaccharides  in  Homogeneous  and  Heterogeneous  Media,  and  Model  Com¬ 
pounds  in  Homogeneous  Media 


Ratio  of  hydrolysis  rate  cotistants  in  a  homogeneous  medium 

Ratio  of  hydrolysis  rate  con¬ 
stants  for  polysaccharides  in  a 
heterogeneous  medium 

glycosides  and  disaccharides 

polysaccharides 

^maltose  ^ 

amylose 

amylose  _ 

^cellulose 

^cellulose 

^cellulose 

^lactose  ^  ^ 

•^galactan  „ 

Kgalactan 

^cellobiose 

^cellulose 

*^cellulose 

Kmethymannoside  ^ 

^mannan 

J^mannan 

^^methylglucoside 

v*  *“  2.0 

^'‘Cellulose 

^cellulose 

^laminarin 

^laminarin 

- 

^cellulose 

^cellulose 

^isopropylxyloside  _  ^  „ 

^xylan  _  ^  g 

_ 75 

K  isopropy  Iglucoside 

Kcellulose 

^cellulose 

_ 

}C 

chitin 

V -  =  0.6 

'^cellulose 

^chitin  ^  ^ 

^cellulose 

K* 

^  sucrose 
^cel  lob  lose 

inulin  ^^6 

^cellulose 

- 

•  Approximate  data,  found  by  calculation. 

From  the  results  of  our  studies  of  the  breakdown  rates  of  acetal  linkages  in  a  relatively  large  number  of 
polysaccharides,  in  conjunction  with  certain  literature  data,  the  conclusion  may  be  drawn  that  in  most  polysac¬ 
charides  the  acetal  linkages  differ  little  in  their  resistance  to  hydrolytic  agents.  It  does  not  follow,  of  course, 
that  it  is  in  general  Impossible  to  alter  the  resistance  of  the  acetal  linkage  in  polysaccharides  to  the  action  of 
hydrolytic  and  other  agents.  This  would  be  contrary  to  large  amounts  of  experimental  data  existing  in  organic 
and  carbohydrate  chemistry  on  the  mutual  Influence  of  atoms.  It  is  known  that  the  hydrolysis  rate  of  the  glycoside 
of  a  tertiary  alcohol  (trimethylcarbinol)  is  470  times  the  hydrolysis  rate  of  the  glycoside  of  a  primary  alcohol 
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(methanol)  [7],  The  three  methyl  groups,  which  give  a  positive  Induction  effect,  displace  the  electron’ cloud  of 
the  covalent  acetal  linkage  and  thereby  diminish  Its  stability.  Nltroethanol  glycosides  are  extremely  unstable 
compounds.  The  strongly  polar  NOj  group  Induces  electron  asymmetry  In  the  N— C  bond,  which  Is  transmitted  to 
the  C— O  acetal  linkage  and  weakens  it.  Although  substituents  with  positive  and  negative  induction  effects  in 
aglycones  displace  the  bonding  electron  pair  In  different  directions,  in  both  cases  the  acetal  linkage  is  weakened. 

The  ketal  linkage  in  disaccharides  and  polysaccharides  differs  sharply  from  the  acetal  linkage  in  its  resistance 
to  the  action  of  acids.  The  relative  stabilites  of  these  two  types  of  linkage  can  be  estimated  if  the  hydrolysis 
constants  are  reduced  to  similar  experimental  conditions.  It  is  then  found  that  the  hydrolysis  rate  of  the  ketal  link¬ 
age  is  approximately  10^-10®  times  the  hydrolysis  rate  of  the  acetal  linkage. 

According  to  numerous  literature  data,  the  composition  and  structure  ofmonoses  have  little  influence  on  the 
hydrolysis  rate  of  monosides.  Hydrolysis  data  for  the  eight  compounds  listed  in  the  table  lead  to  the  same -con¬ 
clusion.  The  hydrolysis  rates  of  these  compounds  vary  by  a  factor  of  4  at  the  most.  It  is  significant  that  the  acetal 
linkage  in  glycosides  and  celloblose  has  the  highest  stability.  As  was  to  be  expected,  the  stability  of  the  acetal 
linkage  in  polysaccharides  and  disaccharides  conforms  to  the  same  relationships. 

Polysaccharides  and  their  simple  models  (monosides,  disaccharides)  have  similar  ratios  of  hydrolysis  rates 
(see  table).  According  to  our  data,  the  hydrolysis  of  amylose  and  inulin,  and  of  disaccharides  of  analogous  struc¬ 
ture  (maltose,  sucrose),  proceeds  at  the  same  rate.  For  example,  the  hydrolysis  rate  constants  of  maltose  and 
amylose  in  58%  H2SO4  at  30“  are  4.3  *  10"^  hour"^  and  4.4  •  10"^  hour'^,  respectively,  and  the  constants  for  sucrose 
and  inulin  in  0.05  N  HCl  at  40“  are  13.4*  10“^  hour"^  and  10  •  10“*  hour”^,  respectively.  Thus,  the  general  principle 
of  polymer  physical  chemistry,  that  bond  stability  in  compounds  of  a  given  polymeric  homologous  series  is  inde¬ 
pendent  of  the  degree  of  polymerization,  extends  to  polysaccharides.  Cellulose  is  an  exception  to  this  general 
rule;  its  hydrolysis  rate  constant  is  approximately  one  half  that  of  cellobiose.  The  cause  of  this  is  not  clear. 

The  hydrolysis  rate  constants  of  the  polysaccharides  retain  constant  values  up  to  a  degree  of  conversion  cor¬ 
responding  to  breakdown  of  30-40%  of  the  toal  amount  of  acetal  linkages.  The  following  two  conclusions  may 
be  drawn  from  this:  1)  the  use  of  a  first-order  equation  for  calculation  of  the  hydrolysis  rate  constant  is  quite 
justified;  2)  in  the  conditions  of  our  experiments  equivalent  acetal  linkages  are  broken  down  in  all  the  polysac¬ 
charides  studied. 

These  data  provide  additional  confirmation  that  the  results  characterize  the  properties  of  the  principal  type 
of  acetal  linkage  in  polysaccharides,  and  tlierefore  there  is  adequate  experimental  justification  for  the  conclusion 
concerning  the  ratios  of  the  hydrolysis  rates. 

Principal  Laws  Governing  Heterogeneous  Hydrolysis  of  Polysaccharides 

The  results  obtained  in  studies  of  the  hydrolysis  rates  of  cellulose,  amylose,  galactan,  mannan,  laminarin, 
and  xylan  in  heterogeneous  conditions  are  given  in  the  table.  It  is  seen  that  the  rates  of  heterogeneous  hydrolysis 
differ  considerably.  Cellulose  and  chitin  are  the  most  difficult  polysaccharides  to  hydrolyze.  The  other  poly¬ 
saccharides  are  hydrolyzed  much  more  rapidly.  The  hydrolysis  rates  of  amylose  and  xylan  are  approximately 
equal,  and  are  60-75  times  the  hydrolysis  rate  of  cellulose  Mannan  occupies  an  intermediate  position  between 
cellulose  and  amylose.  Tlie  hydrolysis  rate  constants  of  galactan  and  laminarin  are  220-290  times  as  high  as  the 
hydrolysis  rate  constant  of  cellulose,  and  approximately  4  times  as  high  as  the  constants  for  amylose  and  xylan. 

The  polysaccharides  form  the  following  series  in  order  of  their  relative  rates  of  hydrolysis  in  heterogeneous  media: 
galactan  >  laminarin  >  xylan  >  amylose  >  mannan  >  cellulose  >  chitin. 

Studies  of  homogeneous  and  heterogeneous  hydrolysis  of  polysaccharides  revealed  the  role  and  significance 
of  physical  structure  in  heterogeneous  hydrolysis.  Altliough  the  stability  of  the  acetal  linkage  to  the  action  of  hydro¬ 
lytic  agents  is  approximately  tlie  same  in  different  polysaccharides,  if  the  process  is  carried  out  in  a  heterogeneous 
medium,  there  are  sharp  differences  between  the  hydrolysis  rates  of  the  same  polysaccharides.  For  example,  the 
hydrolysis  rate  of  amylose  in  a  heterogeneous  medium  is  12  limes  that  of  cellulose,  of  mannan  15  times,  of  xylan 
19  times,  of  laminarin  75  times,  and  of  galactan  112  rimes.  It  is  quite  evident  from  these  data  that  physical 
structure  of  the  polysaccharides  has  the  decisive  influence  on  their  hydrolysis  rates  in  heterogeneous  media.  The 
high  resistance  of  cellulose  to  hydrolysis,  in  comparison  to  other  polysaccharides,  is  entirely  due  to  the  physical 
structure  of  cellulose.  It  follows  that  the  structural  characteristics  of  the  macromolecules  (form  of  tlie  acetal  link¬ 
age,  spatial  arrangement  of  the  hydroxyl  groups  in  the  acetal  linkage,  position  of  tlie  linkage  between  the  residues. 


composition  of  the  unit  residue),  have  slight  direct  influence  on  the  stability  of  the  acetal  linkage,  but  in  most 
cases  give  rise  to  different  physical  structures,  which  are  decisive  In  relation  to  the  mechanism  and  rate  of  the 
heterogeneous  reaction.  The  influence  of  this  factor  is  most  prominent  for  cellulose  and  chltin.  In  the  other 
polysaccharides  the  physical  structure  has  less  Influence.  Therefore  the  ratio  of  the  reaction  rates  changes  sharply 
as  we  pass  from  homogeneous  to  heterogeneous  hydrolysis  of  polysaccharides. 

The  influence  of  the  physical  structure  of  cellulose  on  the  rate  of  hydrolysis  in  the  heterogeneous  medium 
is  confirmed  by  data  for  the  reaction  carried  out  in  homogeneous  and  heterogeneous  media  under  the  same  con¬ 
ditions  [8].  The  considerable  influence  of  cellulose  structure  on  its  hydrolysis  rate  has  been  demonstrated  in  a 
series  of  investigations  by  Sharkov  et  al.  [9],  and  by  other  workers. 

Polysaccharide  structure  influences  not  only  the  rate  of  hydrolysis,  but  also  the  rates  of  other  reactions  in  a 
heterogeneous  medium,  such  as  acetylation  [10]  and  xanthatlon  [11]. 

Numerous  investigators  have  shown  that  hydrolysis  of  cellulose  in  a  heterogeneous  medium  proceeds  in  two 
stages,  at  different  hydrolysis  rates. 

Polysaccharides  can  be  divided  into  two  groups  in  accordance  with  the  characteristics  of  their  hvdrolysis  in  a 
heterogeneous  medium.  The  first  group  Includes  cellulose,  mannan,  laminarin,  and  xylan,  which  are  hydrolyzed 
with  a  gradual  decrease  of  the  reaction  rate,  and  the  second  group  includes  amylose  and  galactan,  the  hydrolysis 
rate  constants  of  which  remain  unchanged  throughout  the  reaction.  Variations  in  the  hydrolysis  rates  of  polysac¬ 
charides  in  a  heterogeneous  medium  as  the  reaction  proceeds  may  be  caused  by  structural  heterogeneity  and  by 
the  presence  of  nonequivalent  linkages,  and  both  these  factors  may  operate  simultaneously.  At  tlie  present  time 
there  are  no  data  available  which  would  provide  a  solution  of  these  problems  for  all  polys-accharides.  A  fairly 
definite  conclusion  can  be  drawn  only  in  the  case  of  cellulose.  It  follows  from  literature  data  and  our  results 
that  changes  in  the  rate  of  heterogeneous  hydrolysis  of  cellulose  are  due  mainly  to  its  structural  heterogeneity. 

This  effect  is  characteristic  not  only  of  native  cellulose  but  also  of  various  hydrate  celluloses  subjected  to  pre- 
treatments  under  harsh  conditions,  when  any  weak  linkages  which  might  have  been  present  should  be  completely 
broken  down. 


SU  MMARY 

1.  The  stability  of  the  acetal  linkage  to  the  action  of  hydrolytic  agents  differs  little  in  different  polysac¬ 
charides  (cellulose,  amylose,  mannan,  galactan,  laminarin,  xylan,  chitin)  and  in  corresponding  disaccharides  or 
monosides. 

2.  The  stability  of  the  acetal  linkage  to  the  action  of  hydrolytic  agents  is  in  general  Independent  of  the 
degree  of  polymerization  of  the  polysaccharides. 

3.  The  hydrolysis  rates  of  polysaccharides  in  heterogeneous  media  are  determined  by  their  physical  structure 
which  in  its  turn  depends  on  the  structure  and  composition  of  the  macromolecules. 
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POLYMERIZATION  OF  STYRENE  IN  PRESENCE  OF 
1-HYDROXY-  1  •- HY  DROPEROXODICYCLOHEXYL  PEROXIDE 
AND  COBALT  NAPHTHENATE 

R.  K.  Gavurina,  P.  A.  Medvedeva,  Sh.  G.  Yanovskaya 
and  Z .  A .  Granova 


Polymerization  of  vinyl  compounds  in  nonaqueous  media  in  presence  of  catalysts  has  been  studied  in  great¬ 
est  detail  with  the  system  benzoyl  peroxide-dimethylaniline.  Horner  [1],  and  later  Imoto  et  al.  [2-4]  and  Lai  and 
Green  [5]  studied  the  influence  of  this  system  on  the  polymerization  of  vinyl  chloride,  styrene,  methyl  methacry¬ 
late,  etc. 


Fig.  1.  Kinetic  curves  for  polymerization  of  styrene  at  25’:  A)  conversion 
(moles/ liter);  B)  conversion  (wt.%);  C)  time  (hours);  CN  concentration 
(moles  Co  per  liter):  1)  0.58  •10"®;  2)  0.058  *10"^  3)0. 


Among  other  systems,  most  attention  has  been  devoted  to  systems  containing  peroxides  (or  hydroperoxides) 
and  salts  of  variable- valence  metals.  For  example,  Kern  [6]  polymerized  styrene  at  40*  in  presence  of  a  reversible 
system  consisting  of  benzoyl  peroxide,  iron  naphthenate,  and  benzoin. 

Dolgoplosk  and  Tinyakova  [7]  showed  that  a  system  consisting  of  isopropylbenzene  hydroperoxide,  iron  naph¬ 
thenate,  and  the  diethyl  ester  of  dihydroxymaleic  acid  is  effective  in  the  polymerization  of  styrene  at  50*. 

In  a  later  paper  Dolgoplosk  et  al.  [8]  showed  that  iron  naphthenate  itself,  in  absence  of  initiators,  initiates 
homogeneous  polymerization  of  isoprene  at  100*,  and  Fe^  is  reduced  toFe^  in  the  process. 

The  present  paper  describes  results  obtained  in  the  polymerization  of  styrene  in  presence  of  1-hydroxy-l '- 
hydroperoxodicyclohexyl  peroxide  (HPC-1)  and  cobalt  naphthenate  (CN). 

According  to  the  theory  developed  by  Kern  [9]  and  others  [7,  10],  such  systems  by  themselves,  without  intro¬ 
duction  of  additional  reducing  agents,  lead  to  reversible  oxidation-reduction  cvcles  as  follows: 

llOOII  +  Mc+2  _>  HO*  _|_  on-  Mo+3, 

110011  -i-  Mc+3-»  1100'  [  n+  +  Mc+2. 
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Fig.  2.  Kinetic  curves  for  polymerization  of  styrene  at  38.4*:  A)  conver¬ 
sion  (moles/ liter):  B)  conversion  (wt. ‘Jo);  C)  time  (hours);  D)  time  (min); 
CN  concentration  (moles  Co  per  liter):  1)  5.8*  lO"’;  2)  0.58  •  10"*; 

3)  0.116- 10"’;  4)  0.058-10"’;  5)0. 
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Fig.  3.  Kinetic  curves  for  polymerization  of  styrene  at  56.4*:  A)  con¬ 
version  (moles/ liter);  B)  conversion  (wt.  <70);  C)  time  (hours);  D)time 
(minutes);  CN  concentration  (moles  Co  per  liter):  1)  0.58  - 10"’; 

2)  0.058-10’’;  3)  0. 


Studies  of  polymerization  in  presence  of  HPC-1  and  CN  are  of  particular  interest  because  this  system  is 
already  extensively  used  in  technological  cold  hardening  (copolymerization)  of  unsaturated  polyester  resins. 

RESULTS  AND  DISCUSSION 

The  polymerization  kinetics  of  styrene  in  presence  of  HPC-1  and  CN  was  studied  by  both  the  dilatometrlc 
method  and  by  polymerization  in  ampoules  (at  high  conversions).  The  polymerization  was  effected  in  oxygen- 
free  nitrogen. 

Polymerization  in  Dilatometers.  Three  series  of  experiments  were  performed,  at  25,  38.4,  and  56.4*. 

Polymerization  was  effected  with  a  constant  content  of  HPC-1  (0.80  molar  °Jo)  and  variable  concentrations 
of  CN.  The  final  conversion  was  19%  in  all  experiments.  The  kinetic  curves  for  these  experiments  are  given 
in  Figs.  1-3. 

The  most  interesting  regions  of  the  curves,  corresponding  to  the  initial  stage  of  polymerization,  are  shown 
In  Figs.  1-3,  b,  on  a  large  scale. 
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TABLE  1 

Polymerization  Time  for  19%  Conversion 


CN  concentration 

moles  Co  .  • 

<  liter 

Polymerization  time  (hours) 

25* 

38.4* 

56.4* 

0 

79 

20 

4.25 

0.058 

18.6 

8 

2.5 

0.116 

- 

7.5 

- 

0.58 

22 

11 

4.25 

5.8 

- 

28 

- 

TABLE  2 


Effect  of  Accelerator  Concentration  on  R^, 


CN  concentration 

moles  Co  • 

<  liter  •  ) 

moles  . 

^  liter* sec  ^ 

25* 

38.4* 

56.4* 

0 

0.009 

0.035 

0.145 

0.058 

0.035 

0.072 

0.37 

0.116 

- 

0.11 

- 

0.58 

0.09 

0.25 

0.97 

5.8 

- 

0.77 

- 

TABLE  3 

Intrinsic  Viscosity  of  Polymer  Solutions  (19%  Conversion) 


CN  concentration 

moles  Co  « 

<  liter  •*'’  > 

[n] 

25* 

38.4* 

56.4* 

0 

0.30 

0.24 

0.20 

0.058 

0.19 

0.20 

0.19 

0.116 

- 

0.175 

- 

0.58 

0.26 

0.285 

0.30 

5.8 

- 

0.60 

- 

It  Is  seen  from  these  results  that  Introduction  of  CN  Increases  the  Initial  rate  of  polymerization  (R^,)  in  all 
cases,  the  Increase  being  greater  with  higher  concentrations  of  the  accelerator.  However,  R^,  decreases  subsequently 
and  especially  steeply  if  Its  initial  value  is  high.  Similar  results  results  were  obtained  by  Imoto  et  al.  In  studies 
of  the  polymerization  kinetics  of  various  vinyl  compounds  In  presence  of  benzoyl  peroxide  and  dlmethylanillne 
[2-4]. 
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Fig.  4.  Influence  of  temperature  on  polymerization  rate;  A)  conversion  (moles/ liter);  B)  con¬ 
version  (wt.  <)());  C)  time  (hours);  temperature  (*C)  and  CN  concentration  (in  moles  Co/liter); 
1)  25  and  0;  2)  25  and  0.058  •  lO"*;  3)  38.4  and  0.4;  4)  38.4  and  0.058  •  10"’;  5)  56.4  and  0; 
6)  56.4  and  0.058 ‘lo'*. 


Fig.  5.  Effect  of  amount  of  accelerator  on  the  initial  rate  of  polymerization:  A)  initial  rate  of 
polymerization  R<,  •  10*  (moles/liter  ’  sec);  B)  [Co;^  •  10*  where  [Co]  is  the  CN  concentration  (in 
moles  Cc/ liter);  temperature  (’C):  1)25;  2)38.4;  3)56.4. 


The  time  needed  to  reach  the  final  conversion  (19%)  varied  with  the  accelerator  concentration. 

The  relevant  data  are  presented  in  Table  1. 

The  shortest  polymerization  time  was  observed  in  experiments  with  low  accelerator  concentration  (0.058’ 

*  lO"*  mole  Co/ liter). 

Increase  of  the  CN  concentration  resulted  in  Increases  of  the  polymerization  time  at  all  three  temperatures. 
A  B 


Fig.  6.  Kinetic  curves  for  polymerization  of  styrene  in  ampoules:  A)  conver¬ 
sion  (moles/ liter);  B)  conversion  (wt.  %);  C)  time  (hours);  CN  concentration 
(moles  Co/  liter):  1)  0.58  *  lO"*;  2)  0.058  *  10“*;  3)  0. 

Fig.  7.  Variations  of  the  viscosity  of  polymer  solutions  with  time  and  amount 
of  accelerator:  A)  intrinsic  viscosity  [17];  B)  time  (hours);  CN  concentration 
(moles  Cc/fliter):  1)0.58-10'*;  2)  0.058  •  10“*;  3)0. 
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When  the  CN  concentration  was  Increased  to  5.8  *  10"®  mole  Co/ liter  the  polymerization  time  was  even 
greater  than  in  the  control  experiment  without  accelerator  (28  and  20  hours  respectively). 

It  is  interesting  to  note  that  greater  reductions  of  the  polymerization  time  occur  at  lower  temperatures;  thus 
at  25*  there  was  a  4-fold  decrease  of  the  time,  and  at  56.4"  it  was  less  than  twofold. 

The  effects  of  temperature  in  experiments  with  equal  accelerator  concentrations  are  plotted  in  Fig.  4. 

The  distances  between  the  curves  for  a  given  temperature  with  and  without  the  accelerator  decrease  appreci¬ 
ably  with  Increase  of  temperature.  At  56.4*  the  accelerating  effect  is  already  very  weak,  and  curves  5  and  6  He 
close  together. 

The  effects  of  accelerator  content  on  Rq  are  given  in  Table  2  and  Fig.  5.  The  values  of  were  found  graph¬ 
ically  from  the  kinetic  curves  in  Figs.  1-3. 

Fig.  5  shows  that  at  all  three  temperatures  R^  is  a  linear  function  of  the  square  root  of  the  cobalt  concen¬ 
tration. 

The  results  of  determinations  of  the  intrinsic  viscosity  [?)]  of  solutions  of  the  polymers  formed  are  given  in 
Table  3.  The  viscosity  was  determined  in  benzene  solutions. 

At  all  temperatures  [77]  first  decreases  with  introduction  of  the  accelerator,  and  then  increases  appreciably 
at  higher  CN  concentrations.  The  minimum  value  of  [tj]  for  each  temperature  corresponds  to  experiments  wlththe 
shortest  polymerization  times  (compare  Tables  1  and  3). 

The  decrease  of  [tj]  at  low  CN  concentrations  is  particularly  pronounced  at  low  temperatures;  thus,  at  25* 

[tj]  changed  from  0.30  to  0.19,  and  at  56.4*,  only  from  0.20  to  0.19. 

Polymerization  in  Ampoules.  The  course  of  the  kinetic  curves  at  higher  conversions  was  studied  by  means 
of  experiments  in  ampoules.  This  series  of  experiments  was  conducted  at  one  temperature,  38.4  i  0.05*.  The 
amount  of  HPC-1  remained  constant  at  0.80  molar ‘7o.  as  in  the  dilatometer  experiments. 

The  CN  concentration  was  varied  in  the  range  0“0.58  •  10“®  mole  Co/ liter.  The  kinetic  curves  are  shown 
in  Fig.  6,  and  values  of  [tj]  in  Fig.  7. 

The  character  of  the  kinetic  curves  confirms  the  results  of  the  dilatometrlc  determinations.  After  1  hour 
the  greater  conversion  (0.5  mole  /liter)  was  found  in  the  experiment  with  the  higher  CN  concentration  (0.58*  10"®X 
However,  after  50  hours  the  conversion  was  higher  in  the  experiment  with  the  lower  CN  concentration  (4.9  and 
4.2  moles/ liter  respectively). 

Figure  7  shows  that  at  lower  degrees  of  conversion  [  tj  ]  decreases  on  addition  of  accelerator.  The  extent  of  the 
decrease,  and  the  region  in  which  the  decrease  of  [tj]  occurs,  depend  on  the  accelerator  concentration.  Thus, 
when  the  CN  concentration  is  0.058  *  10"®  mole  Cc/ liter  [tj]  decreases  up  to  33%  conversion,  whereas  at  CN  con¬ 
centration  of  0.58  •  10"®  mole  Co/ liter  it  decreases  only  up  to  8%  conversion.  As  the  polymerization  process  ex¬ 
tends  in  experiments  with  the  accelerator,  (curves  land  2)  [tj]  increases  rapidly.  As  a  result,  at  the  end  of  the 
process  (after  50  hours)  the  samples  polymerized  in  presence  of  the  accelerator  had  much  higher  viscosities  than 
the  sample  polymerized  in  its  absence. 

Comparison  of  curves  1  and  2  showrs  that  increase  of  the  accelerator  concentration  Is  associated  with  Increase 
of  [tj].  Curve  1  lies  above  curve  2  throughout. 

These  results  are  in  good  agreement  with  the  experimental  data  in  Table  3.  At  constant  conversion  (19%) 

[tj  ]  decreased  only  at  low  accelerator  concentrations. 

EXPERIMENTAL  PROCEDURE 

The  starting  substances  were  synthesized  and  prepared  as  follows. 

Styrene.  Before  the  experiments  styrene  was  repeatedly  washed  with  aqueous  alkali  and  water  to  remove 
hydroquinone,  dried, and  distilled  under  vacuum  in  a  current  of  oxygen-free  nitrogen. 

Synthesis  of  HPC-1,  to  which  the  following  structure  has  been  ascribed  [11] 
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Synthesis  of  HPC-1,  to  which  the  following  structure  has  been  ascribed  [11] 

CH?  CII2']  CH.,  CH, 

cu< - >rl 

ClT^  QQH  ^^^2  ^*^2 

was  effected  by  the  method  of  Criegee  and  Schnorrenberg,  by  the  action  of  30%  perhydrol  on  cyclohexanone  [11, 

12],  The  components  were  taken  in  the  ratio  of  1  mole  HjOj  to  1  mole  of  cyclohexanone.  The  reaction  was  ef¬ 
fected  at  room  temperature  in  a  flask  fitted  with  a  stirrer.  When  the  liquids  were  mixed,  a  homogeneous  solution 
was  first  formed,  and  after  10-15  minutes  a  white  precipitate  began  to  form.  After  2  hours  the  amount  of  precipi¬ 
tate  was  so  large  that  stirring  had  to  be  discontinued.  The  mixture  was  held  for  2-3  hours  without  stirring,  and  the 
crystalline  precipitate  was  then  separated  on  a  Schott  filter  and  dried  at  50*.  The  dried  substance  was  then  re- 
crystallized  twice  —  first  from  ethanol  (1  g  of  substance  to  1  g  of  solvent,  dissolved  at  40*)  and  then  from  ligrolne 
(68-80*  fraction,  1  g  of  substance  to  5  g  of  solvent,  dissolved  at  60-65*).  The  recrystallized  substance  was  dried 
under  vacuum  at  room  temperature.  The  same  batch  of  HPC-1  was  used  in  all  the  polymerization  experiments. 

The  substance  melted  at  74-76*  and  contained  12.75%  active  oxygen. 

Cobalt  Naphthenate.  The  usual  precipitation  method  was  used  for  preparation  of  CN.  The  same  batch  of 
CN  was  used  for  all  the  experiments. 

Polymerization  in  Dilatometers.  The  dllatometers  were  cyclindrical  in  shape,  each  with  one  graduated  side 
tube  with  0.01  ml  divisions.  Before  use  the  dilatometers  were  treated  for  24  hours  with  chromate  mixture,  washed 
repeatedly  with  distilled  water,  steamed  with  live  steam  for  2  hours,  and  then  dried.  Freshly  distilled  styrene  was 
charged  into  the  dilatometers.  The  following  procedure  was  used  for  adding  HPC-1  and  CN  to  styrene.  A  weighed 
quantity  of  HPC-1  was  dissolved  in  one  portion  of  styrene,  and  a  weighed  quantity  of  CN  in  another;  the  two  por¬ 
tions  were  then  cooled  to  between  —10  and  —15*  and  mixed.  The  cooled  mixture  was  transferred  to  the  dllatom- 
eter,  which  was  then  cooled  to  the  same  temperature.  Oxygen-free  nitrogen  was  blown  through  the  dilatometers 
while  the  mixture  was  cooled  to  between  —50  and  —  60*;  the  dilatometers  were  evacuated  at  2-3  mm,  and  the 
mixture  was  then  warmed  to  room  temperature  in  a  continuous  stream  of  nitrogen.  This  procedure  was  repeated 
three  times. 

The  prepared  dilatometers  were  sealed  in  a  current  of  nitrogen  and  placed  in  water  thermostats.  The  thermo¬ 
stat  temperature  was  maintained  to  an  accuracy  of  i0.05*  by  means  of  an  electronic  thermoregulator.  Polymeri¬ 
zation  in  dilatometers  was  terminated  when  19%  conversion  was  reached.  To  precipitate  the  polymer  the  mixture 
was  poured  into  methanol  with  vigorous  agitation  by  means  of  a  stirrer.  The  polymer  was  washed  with  methanol 
and  dried,  and  its  intrinsic  viscosity  in  benzene  was  then  determined. 

Conversion  was  calculated  from  the  formula 

KM'  .  inn 


The  following  values  were  taken  for  K:  K3g  4  =  0.1646  and  Kg®  4  =  0.1711  [13].  The  value  of  K  for  25“  was 
found  from  tlie  values  of  K  for  38.4,  56.4,  and  70.1*  [14];  Kjs  had  the  value  0.1590. 

Polymerization  in  Ampoules.  The  same  preparation  and  charging  procedure  was  used  for  the  ampoules  as 
for  the  dilatometers. 

Several  ampoules  were  filled  with  the  same  mixture,  and  they  were  all  put  simultaneously  in  a  thermostat 
at  38.4  ±  0.05*.  The  ampoules  were  removed  successively  after  definite  time  Intervals  (1,  11,  30,  and  50  hours), 
their  contents  were  dissolved  in  benzene,  and  the  polymer  was  precipitated  by  addition  of  methanol.  The  con¬ 
version  was  calculated  from  the  polymer  yield. 


SUMMARY 

1.  The  action  of  an  oxidation— reduction  system  consisting  of  1 -hydroxy- I'-hydroperoxodicyclohexyl  peroxide 
(HPC-1)  and  cobalt  naphthenate  (CN)  in  the  bulk  polymerization  of  styrene  has  been  studied;  it  was  found  tliat  die 
system  is  active  at  low  temperatures  (25-56*). 
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2.  Introduction  of  CN  Increases  the  Initial  rate  of  polymerization  (R^).  Increase  of  the  cobalt  concentration 
[Co]  Increases  Ri,.  The  functional  relationship  between  R^  and  [Co]^  Is  linear.  The  polymerization  rate  decreases 
appreciably  with  Increasing  conversion;  the  decrease  Is  greater  at  higher  CN  concentrations. 

3.  Under  the  Influence  of  this  oxidation— reduction  system  [tj]  for  the  polymers  formed  changes  significantly. 
When  CN  is  added  at  low  degrees  of  conversion  [tj]  decreases,  while  at  high  conversions  It  Increases  sharply.  The 
value  of  [t]]  also  Increases  with  CN  concentration. 
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INVESTIGATION  OF  CERTAIN  EPOXY  STABILIZERS  FOR 
POLYVINYL  CHLORIDE  • 

A.  A.  Berlin,  E.  N.  Zll'berman,  N.  A.  Rybakova, 
A.  M.  Sharetskil,  and  D.  M.  Yanovskil 


One  of  the  important  disadvantages  of  chlorine-containing  polymers  Is  their  relatively  low  stability  under 
the  Influence  of  heat  and  light.  Therefore  conversion  and  utilization  of  polyvinyl  chloride  and  other  chlorine- 
containing  polymers  is  accompanied  by  considerable  dehydrochlorlnatlon  and  oxidative  degradation,  which  have 
sharply  adverse  effects  on  the  physical,  mechanical, and  dielectric  properties  of  the  materials.  Various  inorganic 
and  organic  stabilizers  have  been  recommended  for  raising  the  thermal  stability  of  polyvinyl  chloride.  Among  the 
organic  stabilizers,  certain  classes  of  compounds  containing  the  epoxy  ring  In  the  molecule  are  of  practical  sig¬ 
nificance;  the  epoxy  group  reacts  with  the  hydrogen  chloride  liberated  In  dehydrochlorlnatlon  of  polyvinyl  chloride, 
with  formation  of  the  corresponding  chlorohydrlns  [1-3]. 


Fig.  1.  Kinetics  of  liberation  of 
hydrogen  chloride  from  polyvinyl 
chloride  resin  at  175*  in  presence 
of  epoxy  stabilizers:  A)  amount 
of  HCl  ( %  of  polymer  weight); 
b)  time  (minutes).  Stabilizers: 

1)  without  stabilizers;  2)  2%  of 
lead  silicate;  3)  E-40;  4)  ED-6; 
5)  diglycldyl  ether  of  2,2-bis-(4- 
hydroxy-3-methylphenyl)propane 


The  present  paper  contains  comparative  data  on  the  stabilizing 
effects  of  certain  commercial  products  and  of  compounds  synthesized 
by  us.  The  tested  stabilizers  for  polyvinyl  chloride  were  the  commer¬ 
cial  epoxy  resins  E-40  and  ED-6,  and  low-molecular  epoxy  resins  (not 
described  previously)  based  on  the  diglycldyl  ethers  of  2,2-bis-(4-hy- 
droxy-3-methylphenyl)propane  (I),  l,l-bis-(4-hydroxyphenyl)cyclohex- 
ane  (II),  l,l-bis(4-hydroxymethylphenyl)cyclohexane  (III),  and  2,2-bls- 
(4-hydroxy-3-nitrophenyl)propane  (IV).  The  following  were  also  syn¬ 
thesized  and  their  thermal  stabilizing  effects  studied:  cis  butyl  9,10- 
epoxystearate  (V),  and  epoxldlzed  castor  oil  (VI)  and  whale  oil  (VII). 

Epoxy  resins  (I)-(IV)  were  synthesized  by  condensation  of  epl- 
chlorohydrln  with  diphenols.  Stabilizer  (V)  and  oxlrane  derivatives  of 
triglycerides,  (VI)  and (VII),  were  prepared  by  direct  epoxldation  of  the 
corresponding  unsaturated  compounds  by  the  action  of  peracetic  acid, 
by  the  method  developed  by  Swern  et  al.  [4]. 

The  individual  stabilizers  were  characterized  by  the  temperature 
at  which  polyvinyl  chloride  dehydrochlorlnatloncommenced,  by  the 
thermal  stability  of  the  resin  at  175"  (Table  l),and  by  the  kinetics  of 
hydrogen  chloride  liberation  at  the  same  temperature  (Figs.  1  and  2). 

The  amounts  of  all  the  stabilizers  added  to  polyvinyl  chloride  corre¬ 
sponded  tothe  same  content  of  oxlrane  oxygen  (0.094  wt.  ^o).  In  addi¬ 
tion,  the  physical  properties  of  plasticized  polyvinyl  chloride  with  these 
stabilizers  or  their  mixtures  with  lead  silicate  were  determined  (Table  2). 


It  follows  from  the  experimental  data  that  if  epoxy  resins  are  added  as  stabilizers  to  polyvinyl  chloride,  the 
temperature  of  the  start  of  dehydrochlorinatlon  is  raised  considerably,  the  time  before  liberation  of  hydrogen 
chloride  begins  Is  lengthened,  and  the  rate  of  hydrogen  chloride  liberation  Is  diminished.  Resins  E-40,  ED-6,  (I), 


•  Communication  I  In  the  series  on  Intermediates  and  auxiliaries  used  In  polymer  technology. 
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(II),  and  (III)  are  approximately  equal  In  their  stabilizing  action.  Intro¬ 
duction  of  a  nltro  group  Into  the  aromatic  ring  of  the  dlphenol  (compound 
IV)  lowers  sharply  the  stabilizing  power  of  the  dlglycldyl  ether.  When 
butyl  epoxystearate  or  the  epoxldlzed  glycerides  (VI)  and  (VII)  are  used 
as  stablllzers.the  temperature  of  the  start  of  dehydrochlorlnatlon  rises 
sharply  and  the  time  before  liberation  of  hydrogen  chloride  begins  Is 
lengthened.  However,  these  stabilizers  are  somewhat  Inferior  to  the 
epoxy  resins  In  their  Influence  on  the  kinetics  of  HCl  liberation  when 
polyvinyl  chloride  Is  heated,  and  on  the  electrical  properties  of  plasti¬ 
cized  resins.  On  the  other  hand,  stabilizers  (V)-(VII)  are  superior  to  the 
epoxy  resins  In  their  Influence  on  frost  resistance  of  the  plasticized  prod¬ 
uct.  The  best  results  In  all  respects  were  obtained  with  the  use  of  mixed 
epoxy-lead  stabilizers.  These  mixtures  not  only  combine  the  favorable 
properties  of  each  of  the  components,  but  give  a  synergetic  effect  [1]. 

EXPERIMENTAL 

Synthesis  of  Dlglycldyl  Ethers  of  Diphenols,  (I)-(IV)  •  .  For  prep¬ 
aration  of  2,2-bls-(4-hydroxy-3-methylphenyl)propane,  o-cresol  was 
condensed  with  acetone  In  presence  of  hydrochloric  acid  [5];  yield 
m.p.  136*  (from  xylene).  Phenol  or  o-cresol  was  condensed  with  cyclo¬ 
hexanone  In  presence  of  gaseous  hydrogen  chloride  [4]  to  give,  respective¬ 
ly,  l,l-bls-(4-hydroxyphenyl)cyclohexane  (yield  m.p.  183*  from 
alcohol -benzene  mixture)  and  l,l-bis-(4-hydroxy-3-methylphenyl)cy- 
clohexane  (yield  59%,  m.p.  186“  from  aqueous  methanol).  Nitration  of 
diphenylolpropane  by  concentrated  nitric  acid  [7]  gave  2,2-bis-(4-hy- 
droxy-3-nltrophenyl)propane,  yield  75%,  m.p.  130". 

TABLE  1 


Stabilizing  Action  of  JEpoxy  Compounds 


Stabilizers 

Temperature  of 
start  of  dehy- 
drochlorlnation 
(•C) 

Time  of  heating 
at  175*  to  start 
of  HCl  liberation 
(minutes) 

Without  stabilizer 

159 

10 

E-40 

187 

20 

ED-6 

178 

26 

Diglycldyl  ether  of  2.2-bls-(4-hydroxy-3-methylphenyl)propane 

188 

19 

Diglycidyl  ether  of  1  ,l-bis-(4-hydroxyphenyl)cyclohexane 
Dlglycldyl  ether  of  l,l-bis-(4-hydroxy-3-methylphenyl)cyclc- 

190 

20 

hexane 

186 

19 

Diglycidyl  ether  of  2,2-bls-(4-hydroxy-3-nltrophenyl)propane 

167 

Not  determined 

Butyl  9,10-epoxystearate 

209 

20 

Epoxidized  castor  oil 

195 

26 

Epoxidized  whale  oil 

193 

20 

E-40  and  1%  lead  silicate 

201 

33 

Epoxidized  whale  oil  and  1%  lead  silicate 

192 

30 

1%  lead  silicate 

189 

39 

A 


Fig.  2.  Kinetics  of  liberation 
of  hydrogen  chloride  from  poly¬ 
vinyl  chloride  resin  at  175*  In 
presence  of  epoxy  stabilizers: 

A)  amount  of  HCl  (%  of  poly¬ 
mer  weight);  B)  time  (minutes). 
Stabilizers:  1)  without  stabil¬ 
izer;  2)  1%  of  lead  silicate; 

3)  epoxidized  whale  oil;  4)1% 
epoxidized  whale  oil  and  1% 
lead  silicate;  5)  butyl  9,10- 
epoxystearate;  6) 1%  E-40  and 
1%  lead  silicate. 


•  The  dlglycldyl  ethers  were  prepared  with  the  assistance  of  I.  F.  Spasskaya. 
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TABLE  2 


Physical  and  Mechanical  Properties  of  Plasticized  Resins  Made  with  Epoxy  Stabilizers 


Stabilizer 

Stabilizer  con¬ 
tent  of  resin 
parts  by  wt  to 
100  parts  of 
polyvinyl 
chloride 

Tensile 
strength  , 
(kg/  cm*) 

Relative 
elongation 
at  break  (*7o) 

Volume 
resistivity 
(ohm  •  cm) 

Frost  re¬ 
sistance 
(*C) 

E-40 

3 

210 

316 

5.3-10^* 

-45 

E-40 

5 

193 

328 

1.2-10*’ 

-45 

E-40  +  lead  silicate 

5  +  6 

200 

344 

1.0*  10*’ 

-40 

ED-6 

3 

215 

316 

1.5-10*’ 

-35 

ED -6 

5 

220 

328 

2.6  •  10*’ 

-40 

ED-6  +  lead  silicate 

3  +  6 

175 

356 

2.2-10*’ 

-40 

Diglycidyl  ether  of  l,l-bis-(4-hy- 

4.4  •  10** 

droxyphenyl)cyclohexane 

3 

206 

348 

-50 

Diglycidyl  ether  of  l,l-bis-(4-hy- 

j 

5.0-10** 

droxyphenyl)cyclohexane 

5 

197 

320 

-45 

Diglycidyl  ether  of  1  ,l-bis-(4-hy- 

1.1-10*’ 

droxyphenyl)cyclohexane 

6 

191 

344 

-40 

Diglycidyl  ether  of  1  ,l-bis-(4-hy- 

droxy-3-methylphenyl)cyclo- 

1.1-10*’ 

hexane 

3 

198 

308 

-45 

Diglycidyl  ether  of  1  ,l-bis-(4-hy- 

droxy-3-methylphenyl)cyclo- 

1.9-10*’ 

hexane 

5 

201 

356 

-45 

Diglycidyl  ether  of  1  ,l-bis-(4-hy- 

droxy-3-methylphenyl)cyclo- 

4.5  •  10*’ 

hexane  +  lead  silicate 

3  +  6 

188 

360 

-40 

Butyl  9.10-epoxystearate 

3 

191 

366 

0.1-10*’ 

-50 

Butyl  9,10-epoxystearate 

6 

183 

376 

0.46-10** 

-50 

Epoxidized  whale  oil 

3 

208 

330 

0.12-10*’ 

-50 

Epoxidized  whale  oil 

6 

180 

346 

0.54-10** 

-50 

Epoxidized  castor  oil 

3 

234 

304 

0.17-10*’ 

-50 

Epoxidized  castor  oil 

6 

183 

382 

0.85-10** 

-50 

Control  specimens  with  lead 

1.1-10*’ 

sil  icate 

12 

187 

348 

-40 

To  a  stirred  mixture  of  3.5  g  of  1  ,l-bis-(4-hydroxyphenyl)cyclohexane  and  6  g  of  \hP]o  NaOH  at  40“  there 
was  added  2.45  g  of  eplchlorohydrin  from  a  dropping  funnel;  the  mixture  was  then  slowly  heated  to  90*  while  a 
further  1.4  g  of  15*70  NaOH  was  added.  Extraction  with  dlchloroethane,  washing,  and  drying  yielded  78<7o  (on  the 
diphenol)  of  a  viscous  oil  (II),  containing  3.8<7o  oxirane  oxygen.  Analogous  methods  were  used  to  prepare  (I),  a 
viscous  oil,  yield  557o,  4.5*70  ox irane  oxygen,  and  (III),  a  fusible  hygroscopic  substance,  yield  74*7o,  4.1*7o  oxirane 
oxygen. 

Ether  (IV)  was  prepared  by  a  modification  of  an  earlier  method  [8].  5  g  of  2,2-bis-(4-hydroxy-3-nitro- 
phenyl)propane  was  dissolved  on  warming  in  53  ml  of  3*7o  NaOH.  The  solution  was  cooled  and  2.9  g  of  epichloro- 
hydrin  was  added  at  room  temperature.  The  reaction  was  continued  for  4  days  at  room  temperature,  with  inter¬ 
mittent  stirring  by  hand.  The  bright  yellow  solid  product  was  washed  with  2*7o  NaOH  and  then  with  water  until 
neutral  to  phenolphthalein;  the  yield  of  (IV)  was  65*7o,  m.p.  135*,  4.5*7o  oxirane  oxygen. 

Preparation  of  Stabilizers  by  Epoxidation  of  Unsaturated  Compounds.  The  peracetic  acid  required  for  epox- 
idation  was  prepared  from  acetic  anhydride  and  25 -30<7o  hydrogen  peroxide  [9]. 


For  preparation  of  (V)  50  g  of  butyl  oleate  was  mixed  at  room  temperature  with  207  ml  of  1.10  N  peracetic 
acid  solution.  After  three  hours  500  ml  of  water  cooled  to  2*  was  added  to  the  reaction  mixture  In  a  separating  fun¬ 
nel.  The  top  oily  layer  was  washed  with  water  to  remove  acetic  acid  and  dried  at  60-70*  under  vacuum;  the  yield 
of  cis  butyl  9,10-epoxystearate  (V)  was  21  g,  oxirane  oxygen  content  3.8*^  [10]. 

Epoxidized  castor  oil  (VI)  and  whale  oil  (VII)  were  prepared  similarly,  except  that  the  epoxidized  product 
was  extracted  in  ether  in  order  to  Increase  the  yield.  Castor  oil  (iodine  number  83,  n®D  =  1.4747)  gave  (VI)  with 
iodine  number  22,  containing  2.3*70  oxirane  oxygen;  whale  oil  (iodine  number  128,  acid  number  17,  n®D  =  1.4738) 
gave  (VII)  with  iodine  number  30,  containing  4.8%  oxirane  oxygen. 

Determination  of  theThermal  Stability  of  Polyvinyl  Chloride 

Polyvinyl  chloride  of  "PF-special"  grade  was  used  In  the  work.  The  resin  used  In  studies  of  the  kinetics  of 
hydrogen  chloride  liberation  was  previously  washed  free  from  alkali.  The  res.n  used  for  production  of  plasticized 
material  was  not  subjected  to  any  pretreatment. 

Addition  of  stabilizer  to  the  resin  was  usually  effected  by  the  mixing  of  ether  or  methanol  soluf'ons  of  the 
substance  with  polyvinyl  chloride,  with  subsequent  thorough  drying  of  the  mixture.  Peroxides  were  removed  from 
the  ether  before  use.  In  the  case  of  the  insoluble  stabilizer  (IV)  it  was  mixed  mechanically  with  polyvinylchloride. 

To  determine  tlie  decomposition  temperature  of  the  resin  it  was  heated  until  liberation  of  hydrogen  chloride 
began  (shown  by  turbidity  of  silver  nitrate  solution). 

For  studies  of  the  kinetics  of  hydrogen  chloride  liberation,  the  HCl  evolved  when  polyvinyl  chloride  was 
heated  was  absorbed  in  redistilled  water,  and  the  conductivity  changes  were  measured.  The  dehydrochlorination 
rate  was  characterized  by  the  slope  of  the  curve  plotted  in  time  —  amount  of  liberated  HCl  coordinates.  The  heat 
treatment  of  polyvinyl  chloride  was  carried  out  at  175  i  0.2*,  the  samples  were  placed  in  a  reaction  vessel  previ¬ 
ously  heated  to  this  temperature.  The  liberated  hydrogen  chloride  was  removed  in  a  current  of  air,  heated  to  175“, 
previously  freed  from  traces  of  HCl,  which  passed  through  the  reaction  vessel  at  a  constant  rate.  A  Kohlrausch 
bridge  was  used  for  the  conductivity  determinations. 

The  thermal  stability  of  the  samples  was  characterized  by  the  time  from  the  moment  when  the  polymer 
was  put  in  the  reaction  vessel  to  the  start  of  HCl  liberation. 

The  physical  and  mechanical  properties  of  plasticized  resins  containing  the  amounts  of  our  stabilizers  indi¬ 
cated  in  Table  2  were  determined  by  the  methods  described  in  Departmental  Technical  Specifications  1535-47. 

SUMMARY 

1.  The  following  substances  were  synthesized  and  tested  as  stabilizers  for  polyvinyl  chloride:  low-mole¬ 
cular  epoxy  resins  based  on  epichlorohydrin  and  2,2-bis-(4-hydroxy-3-methylphenyl)propane,  l,l-bis-(4-hydroxy- 
phenyl)cyclohexane,  1  ,l-bis-(4-hydroxy-3-methylphenyl)cyclohexane,  and  2,2-bls-(4-hydroxy-3-nitrophenyl)pro- 
pane;  cis  butyl  9,10-epoxystearate  and  epoxidized  castor  oil  and  whale  oil.  It  is  shown  that  all  these  compounds, 
with  the  exception  of  the  derivative  of  2,2-bis-(4-hydroxy-3-nitrophenyl)propane,  are  effective  thermal  stabilizers 
for  polyvinyl  chloride,  and  they  also  improve  the  physical  and  mechanical  properties  of  the  plasticized  resin. 

2.  If  mixtures  of  low-molecular  epoxy  resins  or  epoxidized  triglycerides  with  lead  silicate  are  used,  the 
thermal  stability  of  polyvinyl  chloride  is  higher  and  the  quality  of  the  resin  is  better  than  if  these  stabilizers  are 
used  separately. 

LITERATURE  CITED 

[1]  H.  V.  Smith,  Brit.  Plastics.  307  (1954). 

[2]  W,  J.  Marmion,  Research  7,  351  (1954). 

[3]  R.  J.  Gall  and  F.  P.  Greenspan,  Ind.  Eng.  Chem.  45,  2722  (1953). 

[4]  D.  Swern,  J.  Am.  Chem.  Soc.  67,  412  (1945). 

[5]  A.  Zincke,  Ann.  400,  33  (1913). 


[6]  M.  E.  McGreal,  V.  Niederl,  and  J.  B.  Niederl,  J.  Am.  Chem.  Soc.  61,  345  (1939). 

[7]  T.  Szeky,  Zbl.  II,  1737  (1904). 

[8]  E.  K.  Marele  and  D.  R.  Boyd,  J.  Chem.  Soc.  101,  308  (1912). 

[9]  D.  Swern,  In  the  book:  Organic  Reactions,  7  (IL,  Moscow,  1956)  p.  476  [Russian  translation]. 

[10]  L.  P.  Wltnauer,  H.  B.  Knight,  W.  E.  Palom,  R.  E.  Koos,  W.  C.  Ault,  and  D.  Swern,  Ind.  Eng.  Chem.  47, 
2304  (1955). 

Received  September  20,  1957 


884 


POLYCONDENSATION  OF  P  H  E  NO  X  Y  A  C  ET  IC  ACID  WITH 
FORMALDEHYDE  AND  SYNTHESIS  OF  A  WEAKLY  ACIDIC 
ION  EXCHANGER  FROM  THEM 

A.  A.  Vansheldt  and  N.  N.  Kuznetsova 


Despite  the  enormous  number  of  publications  dealing  with  the  polycondensation  of  phenols  with  formalde¬ 
hyde  and  the  structure  of  phenol -form  aldehyde  resins,  the  polycondensation  of  phenolic  ethers  with  formaldehyde 
still  remains  to  be  studied,  although  there  are  indications  that  this  reaction  does  occur,  but  under  much  harsher 
conditions  than  the  reaction  between  formaldehyde  and  phenols  [1].  Nevertheless,  investigations  of  the  reactions 
of  formaldehyde  with  certain  simple  phenolic  ethers  are  not  only  of  theoretical  interest,  but  could  lead  to  valu¬ 


able  practical  results.  For  example,  polycondensation  of  formaldehyde  with  phenoxyacetic acid  <z> 

— CHjCOOH  in  an  acid  medium,  involving  two  or  three  H  atoms  of  the  phenol  nucleus  in  the  o-,  o’-,  and  p-posl- 
tlons  relative  to  the  ether  oxygen,  should  lead  to  the  formation  of  both  linear  and  space  polymers.  The  former 
could  be  formed  by  condensation  of  the  aldehyde  with  excess  of  phenoxyacetic  acid,  in  the  same  way  as  has  re¬ 
peatedly  been  observed  in  the  case  of  pheno- formaldehyde  novolacs  [2],  according  to  the  general  equation  (1) 


n  GHaO  4-  (n  +  1)  Cell^OR  n  HoO  f  II  (C„H3(0R)CH2lnCeH40R, 


(1) 


where  R  =  CHjCOOH  or  H  (in  the  case  of  novolacs).  These  linear  polymers  should  be  polycarboxylic  resins,  fusible 
and  soluble  in  organic  solvents  and  aqueous  alkalies,  of  the  structure  (2) 


CHaCOOII 

I 

O 

I 

G6H4GHa- 


CHaGOOH 

I 

O 

I 

-G0II3CH2- 


GH2GOOH 

I 

o 

I 

C6n4. 


(2) 


At  the  same  time,  because  of  the  presence  of  a  third  active  H  atom  in  the  phenol  nucleus,  the  soluble  polymers, 
like  phenol-formaldehyde  novolacs,  should  undergo  hardening  in  presence  of  excess  formaldehyde  (owing  to  cross 
linking  by  CH2  groups  through  these  H  atoms)  with  formation  of  insoluble  space  polymers  of  the  reslte  or  resltol 
types,  in  which  the  phenolic  hydroxyls  are  replaced  by— OCH2COOH  groups.  Thus,  the  products  formed  by  the 
hardening  of  these  soluble  resins  should  be  weakly  acidic  ion-exchange  resins  differing  advantageously  from  cation 
exchangers  made  from  aromatic  hydroxy  acids  of  the  type  of  resorcylic  acid  (such  as  Wofatit  C)  by  the  absence 
of  phenolic  hydroxyls,  which  make  the  resins  unstable  to  the  action  of  alkalies  and  oxidizing  agents.  Moreover, 
it  is  to  be  expected  that  the  presence  in  these  resins  of  carboxyl  groups  linked  to  the  aromatic  nuclei  through 
— 0-CH2~  groups  rather  than  directly,  confers  considerable  mobility  to  the  carboxyls,  and  thereby  favors  their 
complete  interaction  with  multivalent  organic  ions  at  all  the  active  groups  present  in  them,  and  increases  the  ad¬ 
sorption  selectivity  for  these  ions.  These  suppositions  were  fully  confirmed  by  experiments,  and  it  was  found  that 
although  phenoxyacetic  acid  is  much  less  reactive  than  phenol,  nevertheless  it  readily  entered  into  polyconden¬ 
sation  with  formaldehyde  even  at  100*  when  heated  with  the  latter  in  presence  of  concentrated  hydrochloric  acid. 
As  a  result  of  these  experiments,  with  the  use  of  0. 7-1.0  mole  of  formaldehyde  to  1  mole  of  phenoxy  acid,  fusible 
and  soluble  resins  were  obtained  with  molecular  weights  between  570  and  970.  They  were  readily  soluble  in  or¬ 
ganic  solvents  and  aqueous  alkalies,  and  were  similar  in  their  composition  and  properties  to  linear  polymers  of  struc¬ 
ture  [2],  with  average  degree  of  polymerization  (n)  between  2  and  5. 
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Hardening  of  these  soluble  and  fusible  polymers  was  effected  when  they  were  heated  to  100-140*  with  para- 
form  In  presence  of  sulfuric  acid.  The  products  were  Infusible  resins,  Insoluble  In  organic  solvents  and  aqueous 
alkalies,  with  swelling  coefficients  between  2  and  6  In  accordance  with  the  amount  of  paraform  added  for  the 
hardening.  They  were  weakly  cross-linked  polymers  of  the  structure 

r  CH2COOH  -1 

I 

O 

I 

_  — ^01130112  — 

and  were  typical  weakly  acidic  cation-exchange  resins  (KFU);  their  total  exchange  capacity.  In  accordance  with 
the  composition  shown  above,  was  5.8  meq/g.  They  have  high  resistance  to  the  action  of  alkalies  and  oxidizing 
agents,  and  high  mechanical  strength;  they  have  the  power  of  adsorbing  streptomycin  selectively,  and  are  being 
used  In  the  production  of  antibiotics. 

EXPERIMENTAL 

Preparation  of  Phenoxyacetic  Acid.  Phenoxyacetlc  acid  was  prepared  from  phenol,  monochloroacetic  acid, 
and  caustic  soda  by  the  Koelsch  method  [3];  In  order  to  avoid  the  use  of  ether,  which  complicates  the  process,  es¬ 
pecially  on  the  Industrial  scale,  and  to  Increase  the  yield,  this  method  was  modified  as  follows:  1.1  mole  of  mono 
chloroacetic  acid  in  the  form  of  bOPjo  aqueous  solution  was  gradually  neutralized  at  30*,  with  stirring  and  cooling, 
by  35<7o  caustic  soda  solution  until  the  mixture  was  weakly  alkaline  to  litmus.  A  solution  of  sodium  phenolate, 
made  from  1  mole  of  crystalline  phenol  and  1.05  mole  of  caustic  soda  In  the  form  of  35*^0  aqueous  solution,  was 


TABLE  1 

Composition  and  Properties  of  Soluble  Polycondensation  Products  of  Phenoxyacetlc  Acid  and  Formaldehyde 


Characteristics  of  polycondensation  products 

Resin 

I 

U 

m 

PA/CH2O  ratio  in  original  mixture 

1.0 

1.11 

1.43 

Melting  point  ("C) 

103-107 

90-94 

69-72 

Molecular  weight 

974 

666 

560 

Degree  of  polymerization  (n) 

5.01 

3.13 

2.43 

Ar/CHj  ratio  in  resin: 

Calculated 

1.2 

1.33 

1.42 

Found 

1.15 

1.22 

1.39 

Contents  (%): 

C  found 

65.57 

64.77 

65.76 

C  calculated 

65.40 

65.17 

65.00 

H  found 

5.3 

5.1 

5.5 

H  calculated 

4.9 

4.9 

4.9 

COOH  found 

27.3 

27.5 

27.7 

COOH  calculated 

27.7 

27.9 

27.6 

added  gradually  at  room  temperature  to  the  solution  by  the  salt.  The  reaction  mixture  was  heated  at  100*  for 
1  hour,  cooled  to  60-70“,  and  dissolved  In  3.5-4  liters  of  water  with  stirring.  The  clear  solution  of  the  sodium 
salt  of  phenoxyacetic  acid  was  poured  with  stirring  into  10-15%  hydrochloric  acid  containing  not  less  than  1.2 
mole  of  HCl.  The  precipitated  phenoxyacetic  acid  was  filtered  off,  washed  4-5  times  with  distilled  water,  re¬ 
crystallized  twice  from  water,  and  dried  In  a  thin  layer  at  30-40*.  The  yield  of  phenoxyacetic  acid  obtained  by 


this  procedure  was  double  the  yield  In  the  Koelsch  method;  it  was  about  70%  of  the  theoretical  yield  cc.lculated 
on  the  phenol  taken.  Titration  showed  that  it  contained  about  99%  phenoxyacetlc  acid,  and  only  traces  of  phenol 
and  chloride;  the  water  content  was  0. 5-0.6%.  After  further  recrystalllzatlon  and  washing  with  water  to  a  negative 
reaction  for  chloride  pure  phenoxyacetlc  acid  of  m.p.  97-98*  was  obtained;  this  was  used  for  preparation  of  the 
resins. 

Synthesis  of  Fusible  and  Soluble  Condensation  Products  of  Phenoxyacetlc  Acid  with  Formaldehyde.  In  con¬ 
trast  to  phenol,  phenoxyacetlc  acid  reacts  with  phenol  only  In  the  presence  of  considerable  amounts  of  strong 
mineral  acids.  Thus,  a  solution  of  phenoxyacetlc  acid  in  formaldehyde  solution,  containing  1%  sulfuric  acid  (on 
the  weight  of  phenoxyacetlc  acid),  did  not  show  any  layer  separation  or  resin  formation  even  after  prolonged  heat¬ 
ing.  In  presence  of  3%  sulfuric  acid  a  viscous  resin  was  obtained  after  12  hours  of  boiling,  and  a  resin  which  hard¬ 
ened  at  room  temperature  could  be  obtained  only  with  5%  sulfuric  acid.  In  presence  of  phosphoric  acid  the  reac*- 
tlon  was  even  slow,  and  yielded  only  viscous  resins.  However,  it  was  much  more  rapid  with  hydrochloric  acid 
than  with  sulfuric  acid,  and  therfore  hydrochloric  acid  was  used  as  catalyst  in  most  of  our  experiments. 

Fusible  and  soluble  condensation  products  were  prepared  as  follows. 

Phenoxyacetlc  acid  and  formaldehyde  (in  the  form  of  35-40%  aqueous  solution)  were  put  into  a  lask  fitted 
with  a  reflux  condenser,  dropping  funnel,  stirrer,  and  thermometer;  the  mixture  was  heated  to  80’  on  a  glycerol 
batli  until  a  clear  solution  was  obtained.  After  this  25%  hydrochloric  acid  (12%  on  the  weight  of  phenoxyacetlc 
acid)  or  50%  sulfuric  acid  (10%)  on  the  weight  of  phenoxyacetlc  acid)  was  added  with  stirring  from  the  dropping 
funnel.  The  heating  was  stopped  at  the  same  time,  as  the  temperature  in  the  flask  rose  to  the  boiling  point  of 
the  solution  (98-100*C)  owing  to  the  exothermic  reaction;  the  heating  was  then  restarted  and  continued  with  the 
solution  boiling  gently.  After  25-30  minutes  from  the  start  of  boiling  (with  hydrochloric  acid)  or  2.5-3  hours 
(with  sulfuric  acid)  the  solution  separated  into  two  layers:  an  upper  aqueous  layer,  and  a  lower  layer  consisting 
of  the  resinous  condensation  product. 

The  heating  with  stirring  was  continued  until  a  sample  of  the  resin  hardened  when  cooled  to  room  temper¬ 
ature.  The  heating  was  then  stopped.  The  free  formaldehyde  content  of  the  aqueous  layer  remained  almost  un¬ 
changed  during  any  further  heating.  The  resins  were  solid, colorless  products,  brittle  at  room  temperature;  they 
melted  at  75-100’  and  were  soluble  in  alcohol,  ether,  acetone,  and  aqueous  caustic  soda.  They  retained  their 
fusibility  and  solubility  if  reheated. 

In  order  to  determine  the  effects  of  excess  phenoxyacetlc  acid  on  the  molecular  weight  and  properties  of  the 
resins,  they  were  prepared  at  three  different  molar  ratios  of  phenoxyacetlc  acid  (PA)  to  formaldehyde,  from  1  to 
1.43. 

The  molecular  weights  of  the  resins  were  determined  cryoscoplcally  in  phenol  after  it  had  been  shown  that 
this  method  can  be  used  with  phenoxyacetlc  acid  (found  M  =  154,  calculated  M  =  152).  The  average  degree  of 
polymerization  (n)  of  the  resins  was  calculated  from  the  formula 

M  =  164„  +  152, 


on  the  assumption  that  the  resins  are  mixtures  of  polymer  homologs  of  structure  (2),  and  that  their  composition 
can  be  represented  by  the  formula  (C9Hg03)nCjHg03. 


With  the  known  values  of  M  and  n  it  was  possible  to  calculate  the  carbon,  hydrogen,  and  carboxyl  contents 
of  the  resins  from  the  equations: 


and  to  compare  the  results  with  data  obtained  by  elementary  analysis  of  the  resins  and  titration  in  presence  of 
phenolphthalein. 

The  results  of  these  determinations  are  given  In  Table  1. 

It  follows  from  Table  1  that,  as  was  to  be  expected,  increase  of  the  ratio  of  phenoxyacetlc  acid  to  formal¬ 
dehyde  in  the  original  mixture  from  1.0  to  1.43  resulted  in  decreases  of  the  molecular  weight  and  average  degree 
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of  polymerization  of  the  resins,  and  also  of  tlielr  melting  point.  In  all  cases  more  than  1  mole  of  phenoxyacetlc 
acid  (between  1.2  and  1.4  moles)  combined  with  1  mole  of  converted  formaldehyde.  This  was  demonstrated  by 
means  of  special  experiments  in  which  the  unreacted  substances  were  determined  quantitatively;  the  structure  (2) 
postulated  for  the  soluble  resins,  according  to  which  n  CHj  groups  bind  (n  +  1)  aromatic  nuclei,  was  thus  confirmed. 
Moreover,  it  is  seen  in  the  table  that  the  percentage  contents  of  C,  H,  and  COOH  found  are  close  to  the  values 
calculated  from  the  same  structural  formula,  with  the  molecular  weight  and  average  degree  of  polymerization 
taken  into  account. 

Hardening  of  Fusible  Resins.  The  hardening  process,  l.e.,  the  conversion  of  fusible  and  soluble  resins  into 
infusible  products  insoluble  in  alkalies,  was  effected  as  follows.  The  resin  was  melted  and  heated  to  100-110', 
and  the  catalyst  followed  by  formaldehyde  (as  paraforrn)*  were  added.  After  the  paraform  had  dissolved,  the 
resin  was  poured  out  into  acid-resisting  stainless  steel  trays  (in  layers  10-15  mm  thick),  and  placed  in  a  thermo- 
regulated  closet,  where  it  was  kept  first  at  100“  and  then  at  120-140',  until  it  was  converted  into  an  infusible  and 
Insoluble  resin.  The  hardening  rate  depended  on  the  temperature,  amount  of  catalyst,  component  ratio,  and  other 
factors. 

Different  results  were  obtained  in  experiments  on  the  hardening  of  resins  with  hydrochloric,  phosohoric,  and 
sulfuric  acid  catalysts,  respectively.  Thus,  in  presence  of  concentrated  hydrochloric  acid  an  Insoluble  'roduct 
could  not  be  obtained  at  all,  probably  because  on  account  of  its  volatility  the  acid  is  lost  from  the  reaction  zone 
at  the  hardening  temperatures  before  the  formaldehyde  has  time  to  react.  Hardening  in  presence  of  phosphoric 
acid  proceeds  at  a  very  low  rate  even  if  5%  on  the  resin  weight  is  used,  and  yields  an  only  partially  hardened  prod¬ 
uct  with  a  high  content  (over  50-6Q°h)  of  soluble  components.  However,  with  sulfuric  acid  of  50%  strength,  ad¬ 
ded  even  in  small  quantities  (about  0.3%  on  the  resin  weight)  a  hardened  product  containing  10%  of  alkali-soluble 
resin  was  obtained.  The  hardening  rate  rose  rapidly  with  increase  of  the  amount  of  sulfuric  acid  from  0.3  to  2%, 
and  the  time  of  hardening  decreased  from  7-8  to  3-4  hours.  However,  with  more  than  0.5%  sulfuric  acid  the  resin 
was  strongly  colored,  first  reddish  brown  and  then  black.  This  coloration  appeared  mainly  on  the  surface  of  the 
resin,  evidently  as  the  result  of  oxidation  by  atmospheric  oxygen. 

The  hardening  process  depends  to  a  considerable  extent  on  the  temperature  conditions.  It  was  found  that 
at  the  start  of  hardening  the  temperature  must  be  maintained  near  100'  for  about  4-5  hours.  During  this  time  the 
viscosity  of  the  resins  greatly  increases,  although  the  resin  still  remains  soluble. 

The  temperature  must  then  be  raised  to  120“  and  the  product  held  at  that  temperature  until  it  resinifies. 

At  this  stage  the  resin  is  only  partially  soluble  in  alkalies  and  does  not  melt  but  only  softens  when  heated.  The 
cooled  resin  was  comminuted  to  a  grain  size  of  4-5  mm  and  again  heated  at  120-140'  until  its  swelling  coefficient 
stopped  decreasing.  If  the  hardening  was  effected  at  120“  rather  than  at  100“  at  the  beginning  of  the  process,  the 
product  was  more  porous  and  had  a  higher  swelling  coefficient,  probably  because  of  considerable  evolution  of 
formaldehyde  vapor.  To  remove  soluble  organic  and  inorganic  impurities,  the  hardened  resin  was  comminuted  to 
a  grain  size  <  1  mm,  covered  with  a  10-fold  volume  of  1  N  caustic  soda  solution,  and  left  for  24  hours.  The  acid 
form  of  the  hardened  resin  was  thereby  converted  into  the  salt  (sodium)  form,  retaining  its  insolubility,  while  the 
unhardened  portion  of  the  resin  and  the  catalyst  passed  into  solution.  On  the  following  day  the  alkali  was  de¬ 
canted  off  and  the  product  was  again  treated  with  caustic  soda  solution;  this  operation  was  repeated  until  the 
alkaline  extracts  no  longer  turned  turbid  when  acidified.  About  10-12%  of  insoluble  organic  impurities  (on  the 
weight  of  the  original  resin)  could  be  extracted  in  this  way  from  the  hardened  resin.  The  sodium  salt  of  the  ion 
exchanger  was  then  converted  into  the  original  H  form  by  treatment  with  hydrochloric  acid;  the  product  was  washed 
with  distilled  water  to  a  negative  reaction  to  Methyl  orange.  The  H  form  of  KFU  resin  consists  of  yellow  grains, 
with  considerable  mechanical  strength  and  chemical  resistance.  The  volume  swelling  of  the  H  form  in  water  is 
only  5-6%.  However,  in  1  N  caustic  soda  solution  the  swelling  coefficient  of  the  resin  is  much  higher,  owing  to 
its  conversion  into  the  sodium  form.  The  swelling  coefficient  varied  between  2  and  6,  in  accordance  with  the 
amount  of  paraform  taken,  and  decreased  with  increased  cross  linking  of  the  polymer.  Thus,  it  is  clear  from  Table 
2  that  with  increase  of  the  amount  of  paraform  from  5  to  20%  the  swelling  coefficient  of  the  hardened  resin  fell 
from  4.4  to  2.6,  with  equal  yields  of  insoluble  resin.  However,  the  exchange  capacity  of  the  resins  varied  little. 

For  determination  of  the  exchange  capacity  a  sample  of  resin  was  treated  with  excess  0. 2-0.5  N  caustic 
soda  solution  and  die  excess  alkali  was  then  titrated  with  0.5  N  hydrochloric  acid  solution  in  presence  of 

•  Paraform  was  prepared  from  formalin  solution  by  distillation  of  2/  3  (by  weight)  of  the  latter  under  vacuum 
(20-100  mm)  at  50-60'. 


phenolphthaleln;  alternatively,  0.5  N  sodium  acetate  solution  was  added  to  the  resin  [4]  and  the  liberated  acetic 
acid  was  titrated;  both  methods  gave  the  same  results.  The  titration  rate  depends  on  the  grain  size  of  the  sample  and 
its  swelling  coefficient.  Thus,  samples  of  grain  size  0.1  mm  and  swelling  coefficient  2.5-4  could  be  titrated 
within  10-15  minutes.  A  coarser  fraction  (up  to  0.5  )  with  the  same  swelling  coefficient  was  titrated  much  more 
slowly  (24  hours  and  over). 

The  relatively  high  swelling  coefficients  of  the  resins  listed  in  Table  2,  and  also  of  the  products  formed  by 
the  hardening  of  soluble  resins  (I)-(III),  indicate  that  their  degree  of  cross  linking  is  low.  This  also  confirmed  by 
the  results  of  elementary  analysis,  which  indicate  that  resins  (I)-(III)  are  close  in  composition  to  linear  polymers 
of  the  composition  (C9Hg03)^,butnot  to  strongly  cross-linked  polymers  with  higher  carbon  contents. 

TABLE  2 

Yields  and  Characteristics  of  the  Hardened  Products 


Characteristics  of  hardened 
products 

1 - 

Amount  of  paraform  (<7o  on  weight  of  soluble 

resin) 

5 

10 

20 

Coefficient  of  swelling  in  1  N  NaOH 

4.4 

3.7 

2.6 

Capacity  (in  meq/g) 

5.80 

5.80 

5.75 

Yield  of  hardened  product  {^0  on  weight 
of  original  resin) 

90 

88 

90 

Tlie  composition  of  the  hardened  resins  obtained  from  the  soluble  products  is  given  below. 
Original  resin  C  H 

Found  % 


I  .  .  . 

.  65.50 

5.04 

II  .  . 

.  66.00 

5.14 

Ill  .  . 

.  65.65 

5.00 

C9Hg03. 

Calculated  {^0)  .  65.60 

4.87 

SU  MM  A  RY 

1.  The  polycondensation  of  phenoxyacetic  acid  with  formaldehyde  in  presence  of  mineral  acids  was  studied; 
it  was  found  that  when  a  solution  of  phenoxyacetic  acid  in  formalin  is  heated,  the  reaction  proceeds  most  rapidly 
in  presence  of  hydrochloric  acid,  and  yields  fusible  polymers,  soluble  in  aqueous  alkalies,  with  molecular  weights 
between  570  and  970,  provided  that  the  molar  ratio  of  phenoxyacetic  acid  to  formaldehyde  is  equal  to  or  greater 
than  1;  1  mole  of  formaldehyde  always  binds  more  than  1  mole  of  phenoxyacetic  acid,  while  the  molecular  weight 
of  the  resins  formed  decreases  with  increase  of  the  excess  amount  of  phenoxyacetic  acid  present  on  the  original 
mixture.  These  results,  and  analysis  of  the  soluble  resins,  show  that,  like  novolacs,  they  are  mixtures  of  polymers 
of  the  type  H[C6H3(0R)CH2],^C5H40R  (where  R  =  —  CH2COOH)  in  which  an  average  of  3  to  6  molecules  of  phenoxy¬ 
acetic  acid  are  cross-linked  by  methylene  bridges  through  their  aromatic  nuclei. 

2.  When  the  soluble  resins  are  heated  with  paraform  in  presence  of  sulfuric  acid,  infusible  and  insoluble 
polymers  are  formed,  which  swell  in  aqueous  alkalies,  and  which  have  the  properties  of  weakly  acidic  Ion  ex¬ 
changers  with  an  exchange  capacity  of  5.8  meq/g;  they  take  up  streptomycin  selectively  from  culture  media. 
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HYPOCHLORINATION  OF  PROPYLENE 


V.  S.  Ctlis  and  L.  N.  Grobov 


The  production  of  a  number  of  Important  substances  derived  from  propylene  oxide  has  recently  been  achieved 
on  the  industrial  scale  [1,  2].  One  method  for  the  production  of  this  valuable  material  is  dehydrochlorinatlon  of 
propylene  chlorohydrin.  The  latter  may  be  made,  by  analogy  with  ethylene  chlorohydrin,  by  hypochlorinationof 
propylene. 

The  purpose  of  this  work  was  to  study  the  hypochlorination  of  propylene  and  to  determine  the  optimum  pro¬ 
cess  conditions. 


EXPERIMENTAL 

Hypochlorination  of  propylene  was  studied  with  the  aid  of  a  continuous-action  column  of  the  bubbler  type, 

2  meters  high  and  40  mm  in  diameter.  The  column  was  jacketed  to  reduce  heat  losses.  The  apparatus  is  shown 
schematically  in  the  figure. 

Water,  the  flow  rate  of  which  was  measured  by  means  of  the  meter  2,  was  fed  continuously  into  the  lower 
end  of  the  column  1.  Propylene  and  chlorine  from  the  cylinders  3  and  4  were  fed  continuously  into  the  column 
through  the  porous  plates  5  and  6;  chlorine  was  fed  in  at  the  lower  end,  and  propylene  at  a  point  600  mm  above  the 
entry  of  chlorine.  The  flow  rates  and  pressures  of  the  Incoming  gases  were  measured  by  means  of  the  flow  meters 
7  and  manometers  8.  The  reaction  temperature  was  measured  by  the  thermometers  9.  The  propylene  chlorohydrin 
solution  passed  continuously  through  the  upper  outlet  by  way  of  the  seal  10  into  the  flask  11.  Samples  were  taken 
during  the  experiment  out  of  the  stopcock  12.  The  chlorides  formed  in  side  reactions  partly  overflowed  together 
with  the  solution  into  the  flask  11,  and  were  partly  retained  in  the  seal  10,  from  which  they  could  be  withdrawn 
through  the  stopcock  13.  The  unconverted  gases  passed  out  of  the  top  of  the  column  through  the  condenser  14, 
where  the  chlorides  present  in  tlie  gas  phase  were  condensed  and  collected  in  the  trap  15.  After  the  condenser  the 
gasses  passed  through  the  control  flask  16,  containing  a  solution  of  starch  with  KI  for  detection  of  chlorine  break¬ 
through.  The  pipets  17  were  used  for  sampling  the  gas.  After  the  pipets,  the  gases  were  purified  and  dried  in  the 
flasks  18  and  19,  filled  with  NaOH  and  CaCl2;  they  then  passed  through  the  meter  20  where  their  volume  was 
measured,  and  escaped  into  the  atmosphere. 

The  propylene-propane  fraction  used  for  the  investigation  had  the  following  composition  (in  ^o)-. 

81.0-89.9,  CjHg  6.1-14.4,  C2H4  1.0-2.6,  i-C4H8  0.0-1.5.  n-C4H8  0.3-2.5,  O2  0.2-0.5,  CO2  0. 

The  process  was  so  conducted  that  no  chlorine  could  be  detected  in  the  escaping  gases.  The  reaction  yielded 
a  4-8®7o  solution  of  propylene  chlorohydrin.  The  chloride  layer  (1,2-dichloropropane  and  di(6-chloroisopropyl) 
ether  was  separated  off.  The  propylene  chlorohydrin  was  analyzed  by  dehydrochlorinatlon  by  the  action  of  excess 
alkali,  with  subsequent  back  titration*  .  The  separated  chlorides  were  collected  and  analyzed  by  distillation.  It 
was  found  that  the  principal  substances  present  in  the  chlorides  were  1,2-dichloropropane  (73  wt.  ’’Jo),  b.p.  97-98*, 
d4^°  1.1563,  n^®D  1.4388  (literature  data:  b.p.  97-98*,  d4^^  1.1659  [4]),  and  di(  6 -chloroisopropyl) ether  (27 
b.p.  85-98*  (45  mm),  d*’4  1.1238  (literature  data:  b.p.  187.4*,  d“2o  1.1135  [1]). 

Found  <7o:  C  41.62;  H  6.92;  C.  41.80;  CgHijCljO.  Calculated  %:  C  42.10;  H  7.01;  Cl  41.52 


•  Other  chlorohydrins,  formed  from  olefins  present  in  the  propylene,  were  determined  together  with  propylene 
chlorohydrin. 
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The  chloroacetone  formed  by  oxidation  of  propylene  chlorohydrin  was  Identified  as  the  dlnltrophenylhydra- 
zone;  m.p.  124’ (literature  data;  124-124.5*  [4]). 

Found  %  N  20.20.  C9H9CIN4O4.  Calculated  <7o:  N  20.55 

To  confirm  that  chloroacetone  is  formed  from  propylene  chlorohydrin,  250  ml  of  propylene  chlorohydrin 
solution  containing  0.339%of  carbonyl  compounds  calculated  as  chloroacetone  was  chlorinated  for  3  hours.  The 
contents  of  carbonyl  compounds  rose  to  0, 829*70- 

Preparation  of  Concentrated  Propylene  Chlorohydrin.  In  contrast  to  ethylene  chlorohydrin  [4],  concentrated 
propylene  chlorohydrin  is  relatively  easy  to  prepare  from  dilute  (6-7*70)  solutions.  To  prepare  concentrated  propyl¬ 
ene  chloride,  1  liter  (1013.5  g)  of  solution  containing  6.32*7o  propylene  chlorohydrin  was  put  into  the  still  of  a  Dean 
and  Stark  apparatus.  After  distillation,  10.45  g  of  79.9*7o  propylene  chlorohydrin  was  withdrawn  from  the  trap.  The 
distillation  was  then  continued  for  40  minutes  more.  No  layer  formation  was  observed  in  the  trap  at  this  stage. 

The  liquid  (52.85  g)  was  run  out  of  the  trap,  and  10  g  of  (NH4)jS04  was  added  to  it.  As  a  result,  27.08  g  of  84.5*7o 
propylene  chlorohydrin  separated  out.  The  distillation  was  then  continued  for  40  minutes  more  and  52.4  g  of  liquid 
was  removed  from  the  trap.  Salting  out  with  20  g  of  (NH4)2S04  yielded  22.0  g  of  90.3*7o  propylene  chlorohydrin. 

A  third  withdrawal  of  49.8  g  of  liquid  from  the  trap,  salted  out  by  means  of  30  g  of  (NH4)2S04,  yielded  4.5  g  of 
89<7>  propylene  chlorohydrin.  The  still  contained  796  g  of  residual  liquid  free  from  propylene  chlorohydrin. 

Thus,  64.0  g  of  propylene  chlorohydrin,  taken  in  the  form  of  6. 32*7o  solution,  yielded  55.1  g  of  100*7o  propyl¬ 
ene  chlorohydrin:  this  corresponds  to  an  86*7o  yield.  In  the  water  there  remained  14*7o  of  the  propylene  chlorohydrin, 
which  cannot  be  salted  out.  The  isolated  propylene  chlorohydrin  had  b.p.  126-127*,  d*’4  1.1158  and  n*®D  1.4393. 

DISCUSSION  OF  RESULTS 

By  analogy  with  the  ethylene  compound,  propylene  chlorohydrin  is  formed  by  the  reaction 

Gallc  +  HjO  -t-  GI2  ->  HCl  -f-  r,ll3-CII(OH)-CH2Cl.  (a) 
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In  addition,  some  of  the  propylene  and  chlorine  is  consumed  in  the  formation  of  dichloropropane 


G;,lle  -f  Cl,  CH3-CHCI— CHjGl.  (b) 

Propylene  chlorohydrin  reacts  with  propylene  and  chlorine  to  form  di(8 -chloroisopropyl)ether: 

CHjCl  CHjCI 

I  /  (c) 

GII3— GHOIl— GHjGl  -f-  Gaile  +  GIj-xGHa— CH— O— CII— Gil3+  llGl. 

Effect  of  Molar  Ratio  Clj:  CjHg  on  the  Molar  Ratio  PCH;  HCl  and  Propylene 
Chlorohydrin  Yield  on  the  Converted  Chlorine  Experimental  Temperature 
35-43*,  Propylene  Chlorohydrin  Concentration  6<7o,  Chlorine  feed  Rate  47  g/hr 


Molar  ratio 
Cl, :  CjHj 

Molar  ratio 
PCH :  HCl 

Yield  of 
on  Cl 

Molar  ratio 
Cl, ;  C3H# 

Molar  ratio 
PCH : HCl 

Yield  of 
PCH  on  Cl 

W 

1  :  1 

0.760 

63 

1  :  2.4 

0.953 

82 

1  :  1.3 

0.800 

72 

1  :  2.5 

0.908 

91 

1  :  1.5 

0.792 

72 

1  : 2.5 

0.975 

91 

1  :  1.5 

0.792 

73 

1  :  3.3 

0.945 

85.5 

1  :  2 

0.815 

86 

1  :  3.2 

0.960 

93.5 

1  :  2.2 

0.902 

82.5 

1  :  3.8 

0.9G0 

99.5 

1  :  2.3 

0.965 

85 

1  :4.1 

1.00 

100 

1  :  2.4 

0.905 

79 

1  :  4.1 

1. 00 

99 

It  v/as  desired  to  study  various  factors  which  influence  the  course  of  the  principal  reaction  (a).  The  effect 
of  excess  propylene  on  the  yield  of  propylene  chlorohydrin  was  studied  for  this  purpose.  It  follows  from  Equation 

.  .  r  .  .  .  ......  propylene  chlorohydrin(PCH) 

(a)  that  the  course  of  the  mam  process  may  be  characterized  by  the  molar  ratio  ■* — ~ .  , 

^  hydrogen  chloride  (HCl) 

which  reaches  unity  in  absence  of  the  side  reactions. 

The  results  of  a  series  of  experiments  are  given  in  the  table.  It  follows  from  this  table  that  excess  of  pro¬ 
pylene  favors  the  main  reaction,  and  when  the  ratio  of  chlorine  to  propylene  is  1 : 4,  the  side  reactions  do  not 
occur  to  any  practical  extent.  It  is  also  seen  that  the  yield  of  propylene  chlorohydrin,  calculated  on  the  chlorine 
consumed,  also  increases  with  increase  of  the  C3H5:  CI2  ratio. 

Under  given  conditions  the  yield  of  propylene  chlorohydrin  also  depends  on  the  gas  feed  rates. 

The  effects  of  the  chlorine  and  propylene  feed  rates  on  the  molar  ratio  PCH :  HCl  and  on  the  temperature, 
at  molar  ratio  Cl2:C3H5  =  1 :  2.3*  ,  are  given  below. 

Cl  (g/hr) .  /,(5.r,  47  50  51  59  60.5 

Gallo  v^hr  ) .  G2.S  G3.3  63.3  64.0  6.S.0  72.3  77.0  77.7 

PCH  :  UGl .  0.975  0.90.5  0.9.53  0.965  0.870  0.860  0.828  0.815 

Temperature  (“O  .  .  .34  .36  35  35  37  35  37  43 

It  is  seen  from  the  above  that  the  PCH :  HCl  ratio  falls  from  0.975  to  0.815  when  the  chlorine  rate  is  in¬ 
creased  from  46  to  60.5  g  per  hour. 

Variations  of  the  temperature  should  also  be  noted;  the  temperature  in  our  experiments  altered  spontaneously 
with  variations  of  the  feed  rates. 

We  found  that  in  addition  to  the  above  reactions  which  may  occur  in  the  hypochlorination  of  propylene, 
small  amounts  (from  0.5  to  Iffu)  of  chloroacetone  are  also  formed  and  can  be  detected  in  the  aqueous  solution  of 
propylene  chlorohydrin.  The  formation  of  this  compound  may  be  regarded  as  the  result  of  oxidation  of  1-chloro- 
propanol-2. 

•Calculated  as  100%  propylene. 
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Distillation  of  the  chlorinated  derivatives  shows  that  they  consist  mainly  of  1,2-dichloropropane  and  dl(B- 
chloro  lsopropyl)ether. 

A  noteworthy  feature  of  this  method  for  preparation  of  propylene  chlorohydrin  is  the  ease  with  which  the 
compound  can  be  obtained  in  the  concentrated  form. 

The  method  used  for  its  isolation  is  based  on  the  formation  of  an  azeotropic  mixture  of  propylene  chloro¬ 
hydrin  and  water,  which  boils  at  95.4*  and  contains  54.2%  propylene  chlorhydrln  and  45.8%  water  [1],  and  which 
separates  into  layers  when  cooled.  The  lower  layer,  containing  80-85%  propylene  chlorohydrin,  is  separated  off. 
Additional  propylene  chlorohydrin  can  be  salted  out  of  the  aqueous  layer  by  means -of  NaCl  or(NH4)|S04. 

SUMMARY 

The  influence  of  various  factors  on  the  hypochlorination  of  propylene  was  studied:  a  by-product,  chloro- 
acetone,  is  formed  by  oxidation  of  propylene  chlorohydrin. 
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CERTAIN  REACTIONS  CARRIED  OUT  WITH  METHYLENE 


CHLORIDE  WITHOUT  THE  USE  OF  PRESSURE  IN  BENZYL 
ALCOHOL  AS  A  HIGH-BOILING  SOLVENT 

E.  D.  Lask ina 

All-Union  Scientific  Research  Institute  of  Synthetic  and  Natural  Perfumes 


Methylene  chloride  is  one  of  the  most  easily  available  methylenatlng  agents.  It  Is  known  that  methylena- 
tion  with  the  aid  of  methylene  chloride  is  performed  only  under  pressure,  as  the  boiling  point  of  methylene  chloride 
is  considerably  lower  than  the  reaction  temperature.  Solvents  of  higher  boiling  points  such  as  methylene  bromide 
and  iodide  are  also  used  for  methylenation;  methylene  sulfate  is  used  less  often.  We  were  interested  in  the  methyl- 
enation  reaction  in  relation  to  the  preparation  of  the  methylene  ether  of  pyrocatechol,  which  is  an  intermediate 
in  the  synthesis  of  heliotropin. 

The  methylene  ether  of  pyrocatechol  is  usually  prepared  by  the  interaction  of  pyrocatechol  and  methylene 
chloride  in  presence  of  caustic  alkali,  in  ethanol  or  methanol  solution  at  100-115“  under  pressure  [1-5].  Theyield 
is  about  30%  of  the  theoretical  on  the  pyrocatechol  taken.  The  process  may  be  schematically  represented  as  fol¬ 
lows: 


-t-CH2Cl2-}-2Na01I 


CH2-f2NaGl  + 


2H2O. 


Because  of  the  harsh  reaction  conditions,  large  amounts  of  solid  resinous  substances  are  formed  which  inter¬ 
fere  so  much  with  removal  of  the  reaction  products  from  the  autoclave  that  this  method  for  preparation  of  the 
methylene  ether  of  pyrocatechol  is  quite  unsuitable  for  industrial  use. 

Perkin,  Robinson,  and  Thomas  attempted  to  prepare  the  methylene  ether  of  pyrocatechol  without  the  use 
of  pressure,  by  prolonged  heating  of  pyrocatechol  and  methylene  chloride  in  absolute  ethanol  in  presence  of  sodium 
ethylate  under  reflux.  The  ether  yield  was  low  [6]. 

A  method  for  preparation  of  the  methylene  ether  of  pyrocatechol  without  the  use  of  pressure  is  very  desirable. 
In  view  of  the  fact  that  methylenation  in  autoclaves  proceeds  with  the  best  results  at  110-115*,  it  was  decided  to 
use  a  high-boiling  solvent  in  order  to  effect  the  reaction  at  a  higher  temperature  but  without  the  use  of  excess  pres¬ 
sure.  The  desired  result  was  not  achieved  with  the  use  of  veratrole  or  chlorobenzene  for  this  purpose;  the  methyl¬ 
ene  ether  of  pyrocatechol  was  not  isolated.  On  the  other  hand,  methylenation  in  benzyl  alcohol  was  successful, 
but  the  yield  of  pyrocatechol  methylene  ether  did  not  exceed  12-13%,  while  part  of  the  unconverted  methylene 
chloride  was  returned.  In  order  to  decrease  the  return  of  methylene  chloride  and  especially  to  increase  the  ether 
yield,  we  tried  addition  of  certain  metals  such  as  copper,  silver,  aluminum  foil,  and  nickel-aluminum  alloy  to 
the  reaction  mixture.  This  series  of  experiments,  and  another  series  in  which  the  effect  of  the  alkaline  reagent 
(caustic  potash,  caustic  soda,  potassium  and  sodium  carbonates,  slaked  lime,  piperidine)  on  the  course  of  the  re¬ 
action  was  tested,  did  not  give  any  significant  results. 

Considerably  better  results  were  obtained  when  the  methylenation  was  effected  by  means  of  methylene 
chloride  in  presence  of  sodium  Iodide.  It  is  known  that  under  certain  conditions  sodium  iodide  can  react  with 
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Substances  taken  for  reaction  (In  g) 


benzyl 

alcohol 

pyrocat¬ 

echol 

caustic 

soda 

sodium 

iod  ide 

methyene 

chloride 

292 

30 

16 

66.0 

595 

60 

46 

30 

90.5 

630 

60 

39 

20 

90 

hydro  - 
quinone 


0.5 


2.0 

2.0 


Reaction 

temperature 

rc) 


122*124 


122-124 

122-124 


Duration 
of  reac¬ 
tion 
(hours) 


13.5 


13.5 

8 


Yield  of 

pyrocate- 

chol 

methylene] 
ether  (<yo) 


12.1 


31.5 

33.8 


Notes 


Reaction  mass 
remained  alkaline 
to  phenolphthalein 
to  the  end  of  the 
experiment 

Amount  of  caustic 
soda  increased 
because  the  re¬ 
action  mass 
became  acid 
during  the  re¬ 
action 


organic  halogen  compounds  containing  chlorine  or  bromine,  chlorine  or  bromine  in  the  organic  compound  being 
replaced  by  iodine.  In  this  instance  addition  of  sodium  iodide  to  the  reaction  mixture  increased  the  yield  of 
pyrocatechol  methylene  ether  owing  to  formation  of  methylene  iodide  as  the  result  of  the  exchange  reaction 
between  sodium  iodide  and  methylene  chloride,  as  shown  by  the  data  in  the  table. 

It  has  been  reported  previously  [7]  that  higher  yields  of  pyrocatechol  methylene  ether  are  obtained  with 
methylene  iodide  than  with  methylene  chloride. 

We  found  no  information  in  the  literature  on  the  exchange  reaction  between  methylene  chloride  and  sodium 
iodide  in  the  preparation  of  pyrocatechol  methylene  ether;  It  was  therefore  decided  to  study  in  greater  detail  the 
reaction  between  pyrocatechol,  methylene  chloride,  and  sodium  iodide  in  presence  of  caustic  alkali,  in  benzyl  al¬ 
cohol  as  a  high-boiling  solvent*  without  excess  pressure  (without  the  use  of  autoclaves)  [8]. 

The  question  of  the  amount  of  sodium  iodide  to  be  taken  for  the  reaction  was  very  significant,  as  this  in¬ 
fluenced  not  only  the  yield  but  also  the  quality  of  the  pyrocatechol  methylene  ether.  Theoretically  1  mole  of 
pyrocatechol  requires  2  moles  of  sodium  iodide.  In  practice  it  is  sufficient  to  take  0.24  mole  of  sodium  iodide 
per  mole  of  pyrocatechol  in  order  to  obtain  good  quality  pyrocatechol  methylene  ether  in  a  yield  of  about  30^o 
on  the  pyrocatechol  taken.  If  the  amount  of  sodium  iodide  taken  for  the  reaction  in  increased,  the  amount  of 
methylene  iodide  formed  also  increases,  but  it  does  not  all  react  with  pyrocatechol  and  some  remains  as  an  im¬ 
purity  in  the  pyrocatechol  methylene  ether.  These  two  substances  are  almost  impossible  to  separate  by  distil¬ 
lation,  even  with  the  aid  of  a  very  efficient  column,  because  of  the  similarity  of  their  boiling  points.  The  yield 
of  the  ether  with  methylene  iodide  as  an  Impurity  is  about  40-50<yo. 

For  isolation  of  methylene  iodide  in  the  pure  state  from  the  reaction  products  two  series  of  experiments 
were  carried  out;  in  one  series  the  reaction  was  effected  without  pyrocatechol,  and  in  the  other,  without  pyro¬ 
catechol  and  alkali.  All  the  other  conditions  were  the  same  as  in  the  preparation  of  pyrocatechol  methylene 
ether.  Experiments  in  which  methylene  chloride  and  sodium  iodide  were  heated  in  benzyl  alcohol  in  presence 
of  alkali  gave  dibenzylformal  in  15.6<7(»  yield,  and  a  small  amount  of  methylene  iodide,  which  could  not  be  puri¬ 
fied  (under  the  same  conditions  but  in  absence  of  sodium  iodide, dibenzylformal  is  formed  in  a  lower  yield, 

The  formation  of  dibenzylformal  may  be  schematically  represented  as  follows; 


2Cen5CIl20H  +  CH2CI2  -f  2NnOII  — (C«n5CH20)2CH2  -f  2NaCl  4-  2H2O. 


•  Appreciable  amounts  of  the  methylene  ether  of  pyrocatechol  could  not  be  isolated  when  acetone  was  used  as 
solvent  for  this  reaction. 


Methylene  iodide  was  obtained  pure  in  fairly  good  yield  (45*^)  when  methylene  chloride  was  heated  with 
sodium  iodide  in  benzyl  alcohol: 

Simultaneously,  dehydration  of  benzyl  alcohol  in  presence  of  mineral  salts  resulted  in  the  formation  of 
dibenzyl  ether  (22.8<7o). 

This  method  for  preparation  of  dibenzyl  ether  is  described  in  the  literature  [9].  Our  methods  for  preparation 
of  methylene  iodide  and  dlbenzylformal  differ  from  known  methods  since  the  reactions  with  methylene  chloride  on 
which  they  depend  are  effected  without  the  use  of  pressure. 

Perkin  and  Scarborough  prepared  methylene  iodide  by  prolonged  heating  of  methylene  chloride  with  sodium 
iodide  in  acetone  in  a  hermetically  sealed  vessel  [10]  Arnhold  prepared  dlbenzylformal  by  the  action  of  heat  on 
methylene  chloride  with  sodium  benzylate  in  sealed  tubes  at  150“  [11].  We  found  that  dlbenzylformal  is  not  formed 
as  a  by-product  in  the  preparation  of  pyrocatechol  methylene  ether  under  our  conditions.  However,  if  the  sequence 
of  reagent  addition  is  changed,  and  pyrocatechol  is  added  after  a  mixture  of  all  the  other  components  has  been 
heated  to  the  required  temperature,  a  small  amount  of  dlbenzylformal  is  formed  but  the  yield  of  pyrocatechol 
methylene  ether  is  lowered. 

The  literature  contains  numerous  references  to  the  fact  that  the  methylenation  reaction  is  accompanied  by 
oxidation  processes,  because  the  dihydroxybenzenes  undergoing  methylenation  in  an  alkaline  medium  can  absorb 
atmospheric  oxygen.  Therefore  there  are  frequent  descriptions  of  methylenation  in  an  inert  atmosphere  or  in  an 
autoclave  which  must  be  filled  as  much  as  possible  with  the  reagents  and  must  contain  the  minimum  possible 
volume  of  air.  This  was  taken  into  consideration  in  our  experiments  on  methylenation  of  pyrocatechol,  and  hydro- 
quinone  was  tried  as  an  antioxidant  in  order  to  diminish  undesirable  oxidation  processes.  The  yields  of  pyrocate¬ 
chol  methylene  ether  were  somewhat  more  stable  on  introduction  of  small  amounts  of  hydroquinone  into  the  re¬ 
action  mixture. 

EXPERIMENTAL 

Preparation  of  Pyrocatechol  Methylene  Ether.  A  flask  1  liter  in  capacity,  fitted  with  a  mechanical  stirrer, 
thermometer,  a  straight  condenser,  and  a  delivery  tube  reaching  to  the  bottom  of  the  flask,  with  its  upper  end 
connected  to  a  dropping  funnel,  was  charged  with  530  g  of  benzyl  alcohol,  32  g  of  caustic  soda,  30  g  of  sodium 
iodide,  1  g  of  hydroquinone,  and  30  g  of  methylene  chloride.  The  reaction  mixture  was  heated  with  stirring,  the 
temperature  being  maintained  at  122-124".  To  the  mixture  120  g  of  methylene  chloride  solution  in  benzyl  al¬ 
cohol  (1:1)  was  added  from  the  dropping  funnel,  care  being  taken  that  the  excess  methylene  chloride  distilled 
off  as  slowly  as  possible.  On  the  following  day  14  g  of  caustic  soda  and  1  g  of  hydroquinone  was  added  (the  re¬ 
action  must  be  alkaline  to  phenolphthalein)  and  the  mixture  was  heated  again  at  the  same  temperature.  The 
total  time  of  heating  at  122-124*  was  14  hours.  During  the  heating  31  g  of  methylene  chloride  was  distilled  off. 
The  cooled  reaction  product  was  distilled  in  steam  after  it  had  been  made  alkaline  by  addition  of  caustic  soda 
solution.  During  two  hours  about  110  g  of  a  iieavy  oily  product  was  distilled  off;  this  was  dried  over  sodium  sul¬ 
fate  and  distilled  under  vacuum  through  a  rod-and-disk  column  (23  disks).  The  yield  of  pyrocatechol  methylene 
ether  was  21.4  g  (32.27o);  b.p.  63“  (18  mm);n“D  1.5400,  d*®4  1.1972. 

Found  <7o:  C  69.07;  H  5.28;  I  1.0.  CtHsOj.  Calculated  <7o:  C  68.84;  H4.95 

The  analysis  was  performed  by  the  micro  method,  by  combustion  of  the  substance  in  a  current  of  oxygen 
and  absorption  of  the  halogen  by  electrolytically  deposited  silver. 

Evidently  the  pyrocatechol  methylene  ether  still  contained  very  small  amounts  of  methylene  iodide. 

According  to  the  literature,  pyrocatechol  methylene  ether  has  b.p.  77.5*  (27  mm)  [12],  d®  1.202  [3]. 

Dlbenzylformal  was  not  detected  during  recovery  of  benzyl  alcohol  from  the  residue  after  steam  distillation. 
Entirely  different  results  were  obtained  in  another  experiment.  In  this  case  the  essential  difference  was  that  py¬ 
rocatechol  was  added  gradually  to  a  previously  heated  mixture  of  the  other  components  (similar  apparatus  was 
used). 
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A  flask  500  ml  In  capacity  was  charged  with  110  g  of  benzyl  alcohol,  11  g  of  caustic  soda,  5  g  of  sodium 
iodide,  and  15  g  of  methylene  chloride.  The  reaction  mixture  was  heated  to  122“  and  a  mixture  consisting  of 
15  g  of  pyrocatechol ,  65  g  of  benzyl  alcohol,  and  25  g  of  methylene  chloride  was  added  during  3.5  hours;  during 
this  time  25.8  g  of  methylene  chloride  distilled  off.  On  the  following  day  4  g  more  of  caustic  soda  was  added 
before  the  heating  was  started,  as  the  reaction  mass  was  not  alkaline.  The  total  heating  time,  with  stirring,  at 
122-124*  was  10  hours.  Pyrocatechol  methylene  ether  was  isolated  as  described  above,  in  2.7  g  yield  (16.2^o). 

The  residue  in  the  flask  after  steam  distillation  was  extracted  with  diethyl  ether;  benzyl  alcohol, pyrocatechol, 
and  dlbenzylformal  were  found  in  the  extract.  After  separation  of  benzyl  alcohol  by  vacuum  distillation,  the 
mixture  of  pyrocatechol  and  dlbenzylformal  was  diluted  with  ether  and  washed  with  aqueous  caustic  soda 
until  the  alkaline  layer  was  colorless.  After  evaporation  of  the  ether  4.6  g  of  dlbenzylformal  was  obtained; 
b.p.  153-157“  (2  mm),  n*®D  1.5482. 

Preparation  of  Dlbenzylformal.  Similar  apparatus  was  used,  with  a  750  ml  flask;  270  g  of  benzyl  alcohol, 

22  g  of  caustic  soda,  30  g  of  sodium  iodide,  and  30  g  of  methylene  chloride  were  heated  together  for  7  hours  at 
122-124“.  As  methylene  chloride  distilled  off,  a  total  of  72  g  of  a  solution  of  methylene  chloride  In  benzyl  alco¬ 
hol  (1:1)  was  gradually  added  to  the  reaction  mixture.  On  the  following  day  the  mixture  was  again  heated  for 
7  hours  after  addition  of  7  g  of  caustic  soda  (to  an  alkaline  reaction  to  phenolphthaleln).  The  reaction  product 
was  distilled  in  steam.  Pure  methylene  iodide  could  not  be  isolated  from  the  distillate.  The  residue  in  the  flask 
(after  steam  distillation),  which  was  alkaline  to  phenolphthaleln,  was  extracted  with  diethyl  ether;  this  yielded 

50.2  g  (15.6<yo)  of  dlbenzylformal;  b.p.  188.5“  (13  mm),  n^D  1.5480,  d*°4  1.0665. 

Found  <7o:  C  78.98;  H  7.27;  CuHieOj.  Calculated ‘i/o:  C  78.91;  H  7.06 

According  to  the  literature  data,  dlbenzylformal  has  b.p.  188-190“  (13  mm),  d*®  1.046  [13],  d***  1.053  [11], 

Dlbenzylformal  was  prepared  in  exactly  the  same  manner  in  absence  of  sodium  iodide;  the  yield  was  then 
12.5‘7o  on  the  benzyl  alcohol  taken. 

Preparation  of  Methylene  Iodide.  A  flask  with  tubes,  750  ml  in  capacity,  fitted  with  a  mechanical  stirrer, 
thermometer,  and  reflux  condenser,  was  charged  with  258  g  of  benzyl  alcohol,  40  g  of  sodium  iodide,  and  10  g 
of  methylene  chloride,  and  the  mixture  was  heated  with  the  temperature  of  the  liquid  at  124-126“  for  13  hours 
with  heating.  The  liquid  was  cooled,  and  the  crystalline  precipitate  was  filtered  off  and  washed  with  35  g  of  ben¬ 
zyl  alcohol.  The  combined  filtrate  and  washings  were  distilled  under  vacuum  through  a  rod-and-dlsk  column 
(23  disks)  the  following  fractions  being  collected:  1)  4  g  at  23-30“  (17-14  mm);  2)  18.2  g  at  70-83“  (13-10  mm), 
n*®D  1.6499;  3)  5.9  g  at  82“  (9  mm),  n*®D  1.5945;  4)  206  g  at  88-92“  (9  mm)  with  73.6  g  of  residue  consisting 

of  a  liquid  and  crystalline  portion.  The  first  fraction  consisted  of  a  mixture  of  water  and  a  heavy,  strongly  re¬ 
fracting  liquid.  The  second  and  third  fractions  were  dried  over  calcium  chloride  and  distilled  in  a  vacuum  to  give 

14.3  g  (45%)  of  methylene  iodide,  b.p.  54“  (7  mm). 

Found  %:  C  4.87;  H  0.99;  1  96.43.  CHjJj.  Calculated  %:  C  4.48;  H  0.76,  I  94.76 

The  analysis  was  effected  by  the  micro  method  by  combustion  in  a  current  of  oxygen  and  absorption  of  the 
halogen  by  electrolytically  deposited  silver. 

According  to  the  literature,  methylene  iodide  has  b.p.  88-89“  (33  mm)  [14]. 

The  fourth  fraction  was  benzyl  alcohol.  From  the  residue  after  distillation  (73.6  g),54.2  g  (22.8%)  of 
dibenzyl  ether  was  isolated.  B.p.  149“  (6  mm),  n®®D  1.5608,  d®®4  1.0419. 

Found  %:  C  84.97;  H  7.13;  C14H14O.  Calculated  %:  C -84.81;  H  7.11 

According  to  literature  data,  dibenzyl  ether  has  b.p.  149-150“  (7  mm)  n*®D  1.5603,  d*®4  1.0456  [15]. 

SUMMARY 

1.  Pyrocatechol  has  been  methylenated  by  means  of  methylene  chloride  in  presence  of  sodium  iodide  and 
caustic  soda  in  benzyl  alcohol,  without  pressure  (without  use  of  autoclaves)  for  the  first  time.  The  yield  of  pyro¬ 
catechol  methylene  ether  was  32%  of  the  theoretical  on  the  pyrocatechol  taken. 

2.  Methylene  iodide  was  prepared  in  45%  of  the  theoretical  yield  on  the  methylene  chloride  taken,  by  the 
reaction  of  methylene  chloride  with  sodium  iodide  in  benzyl  alcohol  under  atmospheric  pressure. 
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3.  The  reaction  of  benzyl  alcohol,  taken  In  excess,  with  methylene  chloride  In  presence  of  alkali  under 
atmospheric  pressure  yielded  dlbenzylformal;  the  yield  was  12-15*51)  of  the  theoretical  on  the  benzyl  alcohol  taken. 

4.  It  is  shown  that  dlbenzylformal  Is  not  formed  under  the  conditions  described  above  for  preparation  of 
pyrocatechol  methylene  ether. 
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ARYLATION  OF  M  E  T  H  Y  L  DIG  H  L  ORS I L  A  N  E  BY 
AROMATIC  HYDROCARBONS 

K.  A.  Andrianov,  I.  A.  Zubkov,  V.  A.  Semenova, 
and  S.  I.  Mikhailov 


It  is  stated  In  the  patent  literature  that  benzene  and  other  aromatic  hydrocarbons  react  with  trlchlorosllane 
and  methyldichlorosilane  in  presence  of  aluminum  chloride  [1-3],  boron  trifluoride  and  boric  acid  [4-6],  and 
boron  trichloride  [7],  Raney  nickel  was  used  In  one  Investigation  in  the  preparation  of  methylphenyldlchlorosllane 
from  methyldichlorosilane  and  benzene  [8],  Because  of  the  exceptionally  great  technological  importance  of  the 
arylation  of  alkylhalosilanes,  we  studied  the  arylatlon  of  methyldichlorosilane  by  benzene,  toluene,  diphenyl, 
and  naphthalene  in  presence  of  boric  acid. 


TABLE  1 

Characteristics  of  Distillation  Products 


Substance 

1 

Formula 

Boiling 

a> 

■ 

4) 

> 

Molar 

refraction 

point  CC) 

Pressuj 

(mm) 

■ 

Refrac 

index 

calcu¬ 

lated 

found 

Tolylmethyldichlo- 

rosilane 

CTn,\ 

161-165 

7.0 

1.2068 

1..5330 

53.13 

53.10 

Diphenylmethyl¬ 

dichlorosilane 

C„H,\ 

154-157.5 

1.0 

1.2100 

1.5846 

72.74 

73.20 

Naphthylmethyl¬ 

dichlorosilane 

C,oH,\ 

1.52-158 

4.0 

a  nine  pro 
2  ’C 

duct,  X] 

n,p. 

Experiments  showed  that  when  benzene  reacts  with  methyldichlorosilane  In  presence  of  1-2%  of  boric  acid 
at  250*,  there  is  formed  about  30%  of  phenylmethyldichlorosilane,  a  considerable  amount  of  phenyltrlchlorosllane, 
and  gaseous  reaction  products  which  contain  86.2%  hydrogen  and  2.8%  methane. 

Toluene  reacts  with  methyldichlorosilane  at  300*  in  presence  of  boric  acid  to  give  tolylmethyldlchlorosllane 
and  gaseous  products  (77.5%  hydrogen  and  15.3%  methane). 

The  reaction  of  diphenyl  with  methyldichlorosilane  at  250-260"  yields  diphenylmethyldichlorosilane,  di- 
phenylbis(methyldichlorosilane),  and  gaseous  products  (79.9%  hydrogen  and  7.6%  methane). 

The  reaction  of  naphthalene  with  methyldichlorosilane  at  300-340*  yields  naphthylmethyldichlorosilane, 
a  considerable  amount  of  high-boiling  products  which  do  not  distill  under  vacuum,  and  gaseous  products  (74.0% 
hydrogen  and  16.7%  methane). 

It  was  found  that  benzene  and  toluene  react  better  than  naphthalene  and  diphenyl  with  methyldichloro¬ 
silane. 
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TABLE  2 


Rectification  Data  for  752  g  of  Liquid  Products 


Fractions 

Boiling 
range  ('C) 

Pressure 

(mm) 

Weight 

(fe) 

Yield 

fio) 

Chlorine 

opncent 

Product 

I 

37—47 

747 

75 

\ 

10.2 

05.5 

GH3SiHC1.2  4-  HSiCln 
(CH3)2SiGl3  4-  traces  of 
GH3biGl‘j 

II 

cc 

1 

747 

1.54.2 

20.9 

.55.1 

III 

79— 50.5 

747 

1GS.5 

22.9 

0.2 

Benzene 

IV 

170-172 

itn 

17 

2.31 

— 

Not  investigated 

V 

115—139 

130—135 

70.7 

9.0 

44.4 

Phenyltrichlorosilane 
^CH3GeU5SiGl2 
)  GH3GoH5SiG!2 

VI 

144-143.5 

1.55-140 

144.1 

19.0 

38.0 

VII 

147—150 

1.55—100 

.38.5 

5.23 

.37.8 

Residue 
in  still 

— 

30 

4.04 

— 

— 

In  arylation  of  methyldlchlorosilane  by  toluene,  diphenyl,  and  naphthalene, hydrogen  atoms  attached  to 
silicon  are  replaced  by  aryl  groups: 


CH3. 

CHaSiHCl,  Aril  >SiCl2  -f-  Hj. 

Af/ 


The  products  formed  in  these  reactions  indicate  that  other  processes  also  occur.  Disproportionation  reac¬ 
tions  and  thermal  rearrangements  develop  to  a  considerable  extent  under  the  reaction  conditions.  This  is  con¬ 
firmed  by  the  formation  of  phenyltrichlorosilane,  methyltrichlorosilane,  dimethyldichlorosllane,  and  of  the  meth¬ 
ane  obtained  during  the  reaction.  Considerable  amounts  of  high -boiling  reaction  products  are  also  formed.  The 
amounts  of  methane  and  high-boiling  nondistillable  reaction  products  increase  with  the  reaction  temperature. 
Fractionation  of  the  reaction  products  yielded  compounds  which  correspond  in  composition  to  toiylmethyldlchloro- 
silane,  diphenylmethyldlchlorosilane,  and  naphthylmethyldichlorosilane. 


TABLE  3 

Rectification  of  Fraction  I  Under  752  mm  Pressure 


Fractions 

Bolling 
range  (•C) 

Weight 

(g) 

Yield 

00) 

Chlorine 

product 

00) 

Product 

I 

32—40.5 

7.6 

4.2 

59.5 

II 

40.5—46 

10.2 

5.65 

61.1 

GHaSiHGla 

III 

65—67 

25.3 

14.0 

65.2 

GHsSiCIi  -f  traces  of 
(GH3)2SiCl2 

IV 

67—70 

5.2 

2.88 

56.32 

— 

V 

70 

9.0 

5.48 

55.1 

(CH3)2SiCl2 

VI 

109 

47.0 

26.1 

1.97 

1  toluene 

VII 

Residue 

110 

39.2 

21.7 

0.62 

in  still 

31.99 

17.7 

20 

Phenylmethyldichlorosilane  always  contains  a  small  amount  of  phenyltrichlorosilane,  which  cannot  be 
separated  by  rectification  because  of  the  close  boiling  points.  It  was  found  in  the  distillation  of  tolylmethyl- 
dichlorosilane,  diphenylmethyldlchlorosilane,  and  naphthylmethyldichlorosilane  that,  despite  the  good  agree¬ 
ment  between  the  molar  refraction  data  (found  and  calculated),  these  compounds  do  not  distill  over  one-degree 
ranges,  but  over  narrow  ranges  of  temperature,  between  3.5  and  6*  (Table  1).  This  indicates  that  other  substances, 
probably  isomers,  are  present.  Nitration  and  sulfonation  experiments  did  not  yield  any  positive  results  in  attempts 
to  determine  the  position  of  the  silicon  atom  in  the  aromatic  nuclei.  In  all  cases  complex  mixtures  of  polymeric 
products  were  formed,  and  individual  compounds  could  not  be  isolated.  Characteristics  of  the  compounds  formed 
are  given  in  Table  1. 
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TABLE  4 

Rectification  of  81.8  g  of  Fraction  II  Under  7  mm  Pressure 


Fractions 

Boiling 
range  (*C) 

Weight  (g) 

Yield  (%) 

Chlorine 
content  (%) 

I 

83—88 

12.3 

15.05 

28.76 

II 

161—165 

30.7 

37.5 

35.64 

III 

170—200 

31 

37.9 

36.11 

EXPERIMENTAL 

Methyldlchlorosllane  of  b.p.  41.0*,  containing  63.2%  chlorine,  was  used  for  the  experiments. 

Preparation  of  Phenylmethyldichlorosilane.  A  2-llter  autoclave  was  charged  with  500  g  of  methyldichloro- 
silane,  400  g  of  benzene,  and  5  g  of  boric  acid;  the  mixture  was  heated  for  9.5  hours  at  250*,  the  pressure  in  the 
autoclave  being  80  atmos.  The  autoclave  was  then  cooled  to  20*  (residual  pressure  48  atmos).  877  g  )f  substance 
was  removed  from  the  autoclave,  put  into  a  Wurtz  flask,  and  distilled  from  the  solid  residue  (111  g).  The  liquid 
products  (752  g)  were  rectified  through  a  column  of  15  theoretical  plates  (Table  2). 

The  144-143.5"  fraction  (155-140  mm)  was  analyzed. 

Found  %:  Cl  37.8;  Si  13.50  d*®2o  1.1850,  no  1.5130.  Calculated  %:  Cl  37.2;  Si  14.65 

Spectroscopic  analysis  showed  the  presence  of  phenyltrichlorosilane. 

Analysis  of  die  gaseous  products  showed  that  they  contained  H2  86.2%,  CH4  2.5%,  air  3.0%. 


TABLE  5 

Distillation  of  Fraction  I  Under  749  mm  Pressure. 


Fraction 

Boiling 
range  CC)  ^ 

Weight  1 
(g)  1 

1  Yield 

1 

Chlorine 

content 

00) 

Product 

I 

32-40.2 

20 

1 

8.79 

66.5 

CHiHSiCla+HSiCU 

II 

40.2—45 

94.3 

41.3 

60.2 

CHiHSiCla 

III 

45—62 

27.10 

11.9 

68.2 

CH3SiCl34-(CH3)2SlCl2 

IV 

62—65 

40.40 

17.7 

51.72 

(GH3)2SiCl2 

V 

Residue 

65—67 

17.10 

7.5 

26.12 

_ 

in  still 

2.59 

0.55 

TABLE  6 

Distillation  of  Residue 


Fraction 

Boiling 

range 

CC) 

Pressure 

(mm) 

Weight 

(g) 

Yield 

00) 

Chlorine 

content 

00) 

Product 

I 

80—140 

2 

83.02 

14.4 

18.0 

)  Presence  of  Impure 

II 

153—156 

5 

32.0 

5.58 

25.20 

I  diphenyl  shown  by 

III 

163—152 

5-2 

86.3 

15.0 

24.38 

(  qualitative  reaction 

IV 

Residue 

152—194 

1.0 

148.5 

25.9 

28.33 

) 

in  still 

134.8 

23.5 

Preparation  of  Tolylmethyldichlorosilane.  An  autoclave,  8  liters  in  capacity,  was  charged  with  1500  g  of 
methyldichlorosilane,  1440  g  of  toluene,  and  3  g  of  boric  acid.  The  reaction  was  continued  at  250*  for  4  hours; 
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TABLE  7 


Distillation  of  Fraction  IV  Under  1  mm  Pressure 


Fraction 

Boiling 
range  (’C) 

Weight 

(g) 

Yield 

Chlorine 
content  (%) 

I 

108-154 

7.3 

5.68 

II 

154—157.5 

62.8 

48.8 

26.82 

III 

165—174 

23.8 

18.5 

27.70 

IV 

174-200 

13.2 

10.2 

33.86 

V 

Residue 

200—230 

6.3 

4.8 

35.92 

in  still 

6.8 

5.3 

— 

Note:  Fraction  I  had  m.p.  33.8  *C 


Note.  Fraction  I  had  m.p.  33.8*. 


the  pressure  in  the  autoclave  was  80  atmos.  The  autoclave  was  cooled  down  to  20* (residual  pressure  48  atmos), 
and  2825  g  of  substance  was  removed  from  the  autoclave;  the  following  fractions  were  obtained  from  it:  Frac¬ 
tion  I,  boiling  up  to  150*,  1656.2  g,  Fraction  II,  boiling  in  the  range  of  150-310*,  944.3  g. 

Fraction  I  was  rectified  to  give  a  total  yield  of  180.4  g  of  products;  the  rectification  results  are  given  in 
Table  3. 

Fraction  II,  boiling  in  the  150-310“  range,  was  distilled  under  vacuum  from  a  Clalsen  flask  with  a  fraction¬ 
ating  column  (Table  4). 


TABLE  8 

Distillation  of  Fraction  I  Under  750  mm  Pressure 


Fraction 

Boiling 

Weight 

Yield 

Chlorine 

range  (*C) 

(g) 

(%) 

content 

Products 

I 

37—40 

14.0 

4.76 

60.60 

II 

40—40.2 

48.20 

16.4 

61.46 

CHaSiHClz 

III 

40.2-41.2 

127.0 

43.2 

65.61 

CHaSiHCIa-fCHsSlGls 

IV 

V 

41.2—66 

78 

9.85 

39.25 

3.35 

13.36 

62.0 

62.65 

}  CHaSiCla  -f-  (CH3)2SiGl2 

VI 

78.5 

15.0 

5.10 

27.63 

— 

Residue 
in  still 

— 

10.85 

1 

3.69 

20.66 

— 

A  second  distillation  of  Fraction  II  gave  a  product  boiling  at  161-165*.  Analysis  of  it  gave:  d*®K)  1.2068, 
n*®D  1.5330,  MR  found- 53.10,  MR  calculated  53.13. 

Found  %:  C  46.72;  46.67;  H  4.87;  Si  14.50;  Cl  34.90.  Calculated  %:  C  46.80;  H  4.87;  Si  13.64;  Cl  34.60 

Molecular  weight  of  tolylmethyldichlorosllane:  found  217,236;  calculated  205. 

Analysis  of  the  gaseous  products  by  means  of  the  VTI  apparatus  gave:  hydrogen  11.5%,  methane  15.3%, 
unsaturated  hydrocarbons  and  HCl  absent. 

Preparation  of  Diphenylmethyldichlorosilane.  An  autoclave  8  liters  in  capacity  was  charged  with  1205  g 
of  diphenyl,  1800  g  of  methyldichlorosilane,  and  3  g  of  boric  acid.  The  reaction  was  continued  for  4  hours  at 
250-260*,  at  80  atmos  pressure  in  the  autoclave.  The  residual  pressure  in  the  autoclave  cooled  to  20*  was  29 
atmos.  2462  g  of  substance  was  discharged  from  the  autoclave;  185.5  g  was  put  in  a  Wurtz  flask  and  distilled  to 
give  the  fractions;  Fraction  I,  boiling  range  38-200*,  84  g;  Fraction  II,  boiling  range  200-270*,  41.5  g;  residue 
boiling  above  270*,  58  g. 
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TABLE  9 

Distillation  of  Residue  Under  2  mm  Pressure 


Fraction 

Boiling 
range  (*C) 

Weight 

(g) 

Yield 

Chlorine 
content  (%) 

I 

118—133 

8.44 

7.17 

25.2 

II 

133—140 

43.6 

37.1 

— 

III 

140—222 

18.69 

159 

— 

Residue  in  still 

*“ 

41.85 

35.6 

Fraction  I  (228  g)  was  fractionated  through  a  column  of  10  theoretical  plates  (Table  5). 

The  residue  boiling  above  270*  (574  g)  was  distilled  under  vacuum  (Table  6). 

Fraction  IV  was  redistilled.  The  amount  taken  for  the  fractionation  was  128.4  g  (Table  7). 

The  fraction  boiling  at  154-157.5*  (at  1  mm)  had  the  following  composition. 

SlCl,.  Found  ojox  C  57.94;  Si  10.55;  H  4.85;  Cl  27.70.  Calculated  <%:  C  58.42;  Si  10.72;  H  4.49 
’  Cl  26.59 

Molecular  weight:  found  272.2,  calculated  267;  MR  found  73.2,  MR  calculated  72.74  (after  repeated 
distillations). 

Preparation  of  Naphthylmethyldichlorosilane.  An  autoclave  8  liters  in  capacity  was  charged  with  1500  g 
of  naphthalene,  1620  g  of  methyldlchlorosilane,  and  2.7  g  of  boric  acid.  The  mixture  was  heated  for  8  hours  at 
300*,  the  autoclave  pressure  rose  to  80  atmos,  the  residual  pressure  in  the  autoclave  cooled  to  20*  was  38  atmos. 
The  product  in  the  autoclave  was  removed  and  fractionated.  Fraction  I,  boiling  range  38-150*;  Fraction  II,  boil¬ 
ing  range  150-270*;  residue,  boiling  above  270*. 

The  first  fraction  (294.2  g)  was  fractionated  through  a  column  of  10  theoretical  plates  (Table  8). 

The  residue  from  the  first  distillation,  boiling  above  270*,  was  fractionated  under  vacuum;  117.52  g  was 
taken  (Table  9). 


TABLE  10 

Distillation  of  Fractions  II  and  III  Under  4  mm  Pressure 


Fraction 

Boiling 
range  (*C) 

Wei^t 

(g) 

Yield 

Chlorine 
content  (%) 

I 

65—115 

1.87 

3.0 

30.0 

II 

152—158 

41.88 

67.2 

30.6 

III 

158—187 

3.052 

4.85 

24.58 

IV 

187—190 

1.71 

2.75 

38.0 

V 

190—195 

2.03 

3.27 

39.1 

VI 

195—200 

7.29 

11.7 

36.7 

Residue  in  still 

— 

1.15 

1.85 

Note.  Rraction  II  had  m.  p.  26.2* 

Fractions  II  and  III  were  redistilled  under  vacuum;  62.29  g  was  taken  (Table  10). 

Analysis  of  Fraction  II. 

C  H 

’>SiCl2.  Found  C  55.0;  55.09;  Si  11.0;  11.6;  H  4.50;  4.45;  Cl  30.6.  Calculated  ‘7o;  C  54.47; 
’  Si  11.61;  H  4.14;  Cl  29.46 
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Molecular  weight  (cryoscoplcally  In  benzene):  249,  ^53;  calculated,  241. 

The  gaseous  products  contained  hydrogen  74.0%,  methane  16.7%,  and  air  5.9%. 

Experiments  on  nitration  and  sulfonatlon  of  tolymethyldlchlorosllane,  naphthylmethyldlchlorosllane,  and 
dlphenylmethyldlchlorosllane  yielded  resinous  products,  so  that  the  position  of  silicon  relative  to  the  other  sub¬ 
stituents  In  the  nucleus  could  not  be  determined. 

SUMMARY 

1.  Reactions  of  toluene,  diphenyl,  and  naphthalene  with  methyldlchlorosllane  In  presence  of  boric  acid 
yielded  uolylmethyldlchlorosllane, dlphenylmethyldlchlorosllane,  and  naphthylmethyldlchlorosllane. 

2.  The  physical  constants  —  boiling  points,  densities,  and  refractive  Indices  —  of  the  compounds  synthesized 
for  the  first  time,  were  determined. 

LITERATURE  CITED 

[1]  A.  Barry,  U.S.  Patent  2546330;  Chem.  A.  45,  8041  (1951). 

[2]  A.  Barry,  British  Patent  446466;  Chem.  A.  45,  5184  (1951). 

[3]  A.  Barry,  British  Patent  649972;  Chem.  A.  45,  5184  (1951). 

[4]  A.  Barry,  U.  S.  Patent  2626266;  Chem,  A.  48,  7636  (1954). 

[5]  A.  Barry,  British  Patent  446666;  Chem.  A.  45,  7336  (1951). 

[6]  A.  Barry,  British  Patent  446629;  Chem.  A.  7336  (1951). 

[7]  D,  Brewer,  U.  S.  Patent  2600198;  Chem.  A.  47,  1736  (1953). 

[8]  E.  A.  Chernyshev  and  A.  D.  Petrov,  Bull.  Acad.  Scl.  USSR,  Div.  Chem.  Scl.  5,  630  (1956).* 

Received  December  19,  1957 


Original  Russian  pagination.  See  C.B.  Translation. 


OXIDATION  OF  A  MIXTURE  OF  CYCLOHEXANE  AND 


CYCLOHEXANOL  TO  ADIPIC  ACID 


I.  V.  Berezin,  E.  T.  Denisov,  E.  N.  Suvorova, 
Z.  S.  Smolyan  and  N.  M.  Emanuel* 


One  of  the  important  tasks  confronting  chemistry  at  the  present  time  is  development  of  methods  for  produc¬ 
tion  of  monomers  for  plastics  and  synthetic  fibers.  Utilization  of  various  wastes  formed  in  processes  of  modern 
organic  chemistry  is  significant  in  relation  to  this  problem.  One  such  waste  product  is  the  head  fraction  obtained 
by  distillation  of  phenol  hydrogenation  products  ("anol  head"),  which  consists  of  a  mixture  of  cyclohexane  and 
cyclohexanol. 

It  is  now  well  known  that  oxidation  of  cyclohexane  by  atmospheric  oxygen  under  pressure  yields  valuable 
products  such  as  cyclohexanone  and  adipic  acid  [1].  Liquid-phase  oxidation  of  "anol  head"  could  also  be  ex¬ 
pected  to  yield  tliese  products.  A  study  was  therefore  carried  out  of  the  oxidation  kinetics  of  "anol  head",  and 
it  was  shown  that  adipic  acid  can  be  obtained  by  oxidation  of  this  material. 


Fig.  1.  Kinetic  curves  for  accumulation 
of  reaction  products  in  oxidation  of  "anol 
head"  (a),  a  mixture  of  pure  cyclohexane 
and  cyclohexanol  (b),  and  pure  cyclohex¬ 
ane  (c)at  130*.  A)  Contents  of  reaction 
products  (millimoles /ml);  B)  time  (min); 
1)  ketone;  2)  alcohol;  3)  hydroperoxide; 

4)  acids. 


"Anol  head"  comprises  about  30<7o  of  the  total  products 
of  phenol  hydrogenation,  and  consists  of  80  molar  <7o  of  cyclo¬ 
hexanone  and  20  molar  %  of  cyclohexanol.  Water  and  Isopro- 
pylcyclohexane  are  present  as  impurities. 

The  oxidation  was  performed  in  an  autoclave  unit  de- 
crlbed  in  the  literature  [2]  by  the  action  of  an  equimolecular 
mixture  of  nitrogen  and  oxygen  under  20  atmos  pressure,  at  an 
air  rate  of  30  liters/hour,  and  an  oxidation  temperature  of 
130-150*. 

In  each  experiment  250  ml  of  the  raw  material  was 
put  into  the  autoclave.  Samples  of  the  oxidized  mixture  were 
taken  during  each  experiment,  and  analyzed  for  hydroperoxide, 
ketone,  alcohol,  acids,  and  esters  by  methods  described  in  the 
literature  [3,  4].  The  amount  of  carbon  dioxide  liberated  dur¬ 
ing  each  experiment  was  determined  by  absorption  in  baryta 
water. 

Experiments  on  the  oxidation  of  "anol  head"  at  various 
temperatures  showed  that  its  oxidation  rate  at  130*  is  close 
to  the  oxidation  rate  of  pure  cyclohexane,  while  at  higher  tem¬ 
peratures  it  is  oxidized  even  more  rapidly  than  cyclohexane. 
However,  because  of  the  exothermic  nature  of  the  reaction  and 
its  high  rate  it  is  difficult  to  maintain  a  constant  temperature  — 
the  heat  balance  is  disturbed  and  the  temperature  of  the  re¬ 
action  mixture  rises. 

Figure  l,a  shows  kinetic  curves  for  accumulation  of  the 
oxidation  products  and  the  kinetic  curve  for  conversion  of  cy¬ 
clohexanol  in  the  oxidation  of  "anol  head"  at  130*.  It  is  seen 
that  the  oxidation  reaction  develops  autocatalytically,  and  the 
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kinetic  curves  for  the  Intermediate  products”  hydroperoxide 
and  cyclohexanone  —  pass  through  maxima;  dicarboxylic  acids 
are  in  practice  the  final  products.  On  the  whole,  the  situation 
is  similar  to  the  oxidation  of  pure  cyclohexane,  apart  from  the 
kinetic  curve  for  cyclohexanol.  However,  there  are  also  some 
differences,  as  can  be  seen  by  comparison  of  Fig.  l,a,  with 
Fig.  l,c, which  shows  the  oxidation  kinetics  of  pure  cyclohexane 
under  the  same  conditions.  There  are  the  following  differences 
between  the  respective  kinetics.  The  maximum  ketone  con¬ 
centration  in  the  oxidation  of  *anol  head"  is  0.9  mole/ liter, 
or  double  that  found  in  the  oxidation  of  pure  cyclohexane,  when 
it  is  0.45  mole/ liter.  The  maximum  hydroperoxide  concen¬ 
tration  is  also  considerably  higher  in  the  oxidation  of  "anol 
head"  than  in  the  oxidation  of  cyclohexane,  and  is  0.2  mole/ 
/liter  as  compared  with  0.05  mole/liter  for  pure  cyclohexane. 
These  differences  are  probably  associated  with  differences  In 
composition  between  "anol  head"  and  pure  cyclohe  xane. Since 
"anol  head"  contains  small  amounts  of  other  impurities  in  addi¬ 
tion  to  cyclohexanol,  it  was  of  interest  to  oxidize  a  mixture 
of  pure  cyclohexane  and  cyclohexanol,  identical  in  composi¬ 
tion  with  "anol  head",  and  thus  determine  the  role  of  the 
other  impurities  in  the  oxidation  kinetics  of  "anol  head"  and 
the  effect  of  large  amounts  of  cyclohexanol  on  the  oxidation 
kinetics.  An  experiment  was  therefore  carried  out  on  the  oxi¬ 
dation  of  a  mixture  of  20%  cyclohexanol  and  80%  cyclohexane 
at  130°,  20  atmos  pressure,  and  an  air  rate  of  30  liters/ hour. 

The  kinetics  of  accumulation  of  the  oxidation  products 
in  this  experiment  is  shown  in  Fig.  l,b.  Comparison  of  Figs. 
l,a  and  l,b  shows  that  there  is  almost  no  difference  between 
the  oxidation  kinetics  of  the  artificial  mixture  and  of  "anol  head"  (the  kinetic  curves  are  similar,  the  ketone 
and  peroxide  maxima  have  very  similar  values,  and  adipic  acid  accumulates  at  very  similar  rates). 

This  result  shows  that  the  kinetic  relationships  in  the  oxidation  of  "anol  head"  are  determined  by  the  re¬ 
lative  proportions  of  cyclohexanol  and  cyclohexane  in  the  orginal  mixture.  Other  substances  present  in  "anol 
head"  do  not  influence  the  oxidation  kinetics.  The  higher  maximum  ketone  and  hydroperoxide  concentrations 
found  in  the  oxidation  of  "anol  head"  than  in  the  oxidation  of  pure  cyclohexane  are  due  to  the  presence  of  a 
high  concentration  of  cyclohexanol  in  the  original  mixture.  The  influence  of  the  composition  of  the  original 
mixture  on  the  maximum  concentrations  of  the  intermediate  products  was  noted  earlier  in  studies  of  the  cataly¬ 
tic  oxidation  of  cyclohexane  [5},  it  is  probably  associated  with  changes  in  the  composition  of  the  radicals  in  the 
oxidized  system. 

The  oxidation  rate  greatly  increases  if  the  oxidation  temperature  is  raised  from  130  to  150*.  The  heat 
evalution  as  the  result  of  the  developing  reaction  is  so  great  that  the  autoclave  must  be  cooled  in  water  to  keep 
the  temperature  constant.  Kinetic  curves  for  the  accumulation  of  oxidation  products  during  the  reaction  at  150* 
are  shown  in  Fig.  2,a. 

The  oxidation  kinetics  of  "anol  head"  at  130*  is  represented  by  the  curves  in  Fig.  2,c.  Whereas  at  150* 
the  period  of  autocatalysis  is  1  hour  for  ketone  formation  and  2  hours  for  acid  formation,  at  130*  the  period  of 
autocatalysis  increases  to  3.5-4.5  hours. 

The  autocatalytlc  period  of  the  reaction  can  be  shortened  considerably  by  the  use  of  a  variable  tempera¬ 
ture  regime.  Figure  2,b  shows  kinetic  curves  for  an  experiment  in  which  the  oxidation  was  effected  at  150*  dur¬ 
ing  the  first  80  minutes,  with  subsequent  oxidation  at  130*.  It  is  seen  that  in  this  case  the  autocatalytlc  period 
is  the  same  as  in  the  experiment  at  150*,  while  the  subsequent  course  of  the  reaction  is  analogous  to  its  course 
at  130*.  The  maximum  ketone  and  hydroperoxide  concentrations  are  the  same  in  both  experiments,  and  so  is 
the  constant  rate  of  acid  formation  (0.22  mole/ liter ’hour).  By  oxidation  under  a  variable  temperature  regime. 


A 


Fig.  2.  Oxidation  kinetics  of  "anol head" 
under  different  temperature  conditions: 
a)  150*;  b)  150*  (80  minutes)  and  130* 
fthe  remaining  reaction  time);  c)  130*. 
A)  Contents  of  reaction  products  (milli¬ 
moles/ ml);  B)  time  (minutes);  1)  ketone 
2)  hydroperoxide;  3)  acids. 
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it  is  possible  to  reach  a  higher  conversion  of  the  orig¬ 
inal  hydrocarbon  during  the  same  time  of  oxidation. 

Thus,  at  130"  "anol  head"  can  be  25.6%  oxidized  in  7 
hours,  whereas  in  oxidation  for  80  minutes  at  150*  and 
the  rest  of  the  time  at  130"  the  degree  of  oxidation  is  35*^0 
in  5  hours.  Oxidation  of  "anol  head"  at  130"  in  presence 
of  a  catalyst  {0.015%  of  manganese  stearate)  developed 
even  more  slowly  than  the  reaction  without  catalyst.  For 
example,  the  ketone  concentration  4  hours  after  the  start 
of  the  reaction  was  0.2  mole/ liter  in  catalyzed  oxidation, 
and  0.55  mole/ liter  in  the  noncatalyzed  reaction.  There¬ 
fore  salt  catalysts,  of  the  type  of  Co  and  Mn  salts,  are 
unsuitable  as  accelerators  for  oxidation  of  "anol  head*! 

The  retarding  effect  of  manganese  stearate  catalyst  is 
probably  due  to  the  fact  that  the  presence  of  cyclohexanol 
in  high  concentration  retards  the  conversion  of  manganese 
to  a  higher  valence  state  and  prolongs  tlie  stage  in  which 
the  reaction  is  retarded  by  the  bivalent  form  of  the 
catalyst  [6]. 

Oxidation  of  "anol  head"  yields  a  fairly  complex  mixture  of  products.  Thus,  oxidation  of  "anol  head"  for 
7  hours  at  130"gave  12.3  molar  %  of  cyclohexanone,  10.5  molar  %  of  cyclohexanol,  7.4  molar  %  of  dicarboxyllc 
acids,  4.9%  of  esters,  1.2%  of  hydroperoxide,  and  64%  of  cyclohexane  (calculated  per  mole  of  the  raw  material). 
The  presence  of  ketone  and  alcohol  in  almost  equal  amounts  in  the  oxidized  mixture  makes  isolation  of  cyclo¬ 
hexanone  from  the  mixture  difficult  because  of  the  close  boiling  points  of  these  substances.  Of  the  other  oxida¬ 
tion  products,  adipic  acid  is  the  easiest  to  separate.  It  is  precipitated  out  of  the  aqueous  layer  on  cooling.  After 
it  had  been  washed  with  hot  cyclohexane,  this  acid  had  equivalent  weight  73-75  g  (from  results  of  different  ex¬ 
periments)  and  melted  at  145".  Recrystallization  of  this  acid  from  hot  nitric  acid  gives  pure  adipic  acid  of  m.p. 
151"  and  equivalent  weight  73.2  g.  Therefore  oxidation  of  "anol  head"  is  most  suitable  for  production  of  adipic 
acid. 

Available  data  on  the  oxidation  mechanism  of  cyclohexane  indicate  that  under  the  oxidation  conditions 
adipic  acid  is  burned  out  with  formation  of  carbon  dioxide  and  lower  dicarboxyllc  acids  [7],  Determination  of 
the  amount  of  CO2  liberated  in  experiments  on  the  oxidation  of  "anol  head"  showed  that  in  this  case  there  was 
also  considerable  combusion  of  adipic  acid  to  give  lower  dicarboxyllc  acids.  It  is  therefore  uneconomic  to  con¬ 
tinue  the  oxidation  until  the  oxidized  mixture  has  a  high  acid  content.  The  best  procedure  is  to  carry  out  the 
oxidation  with  continuous  removal  of  the  acids  from  the  reaction  zone.  The  following  method  may  be  used  for 
removal  of  the  acids. 

The  oxidized  mixture  is  removed  from  the  reactor  continuously,  or  intermittently  at  definite  time  inter¬ 
vals.  The  mixture  is  homogeneous  under  the  reaction  conditions,  but  when  cooled  to  room  temperature  it  sepa¬ 
rates  into  hydrocarbon  and  aqueous  layers.  The  ketone,  alcohol,  and  hydroperoxide  remain  predominantly  in  the 
hydrocarbon  layer  and  are  returned  into  the  reaction  zone.  Adipic  acid  passes  mainly  into  the  aqueous  layer  and 
is  partially  precipitated  from  it.  In  this  way  the  final  reaction  products  —  adipic  acid  and  water  —  are  removed 
from  tlie  reaction  zone,  whereas  the  Intermediate  products  —  ketone,  alcohol,  and  peroxide  —  are  returned  to  the 
reaction  zone  and  ensure  a  high  rate  of  formation  of  adipic  acid. 

An  experiment  onthe  oxidation  of  the  raw  material  with  continuous  removal  of  adipic  acid  and  water  was 
carried  out  as  follows  (the  oxidation  was  performed  at  130"). 

From  the  moment  when  appreciable  amounts  of  acid  had  been  formed,  40  ml  lots  of  the  oxidized  mixture 
were  taken  out  at  20-mlnute  intervals;  the  upper  layer  (32-36  ml)  was  separated  from  the  lower  layer  and  from 
precipitated  adipic  acid,  fresh  raw  material  was  added  to  make  the  volume  up  to  40  ml,  and  the  liquid  was  re¬ 
turned  to  the  reactor.  The  volume  of  the  oxidation  mixture  in  the  reactor  was  kept  constant  (220-240  ml). 

Kinetic  curves  for  accumulation  of  ketone  and  acid  in  an  experiment  under  the  usual  conditions  and  in  the  experi¬ 
ment  with  continuous  removal  of  the  acid  are  given  in  Fig.  3.  The  scattering  of  the  experimental  points  is  caused 
not  by  analytical  errors,  but  by  variations  in  the  concentrations  of  the  oxidation  products  before  and  after  addition 


Fig.  3.  Kinetic  curves  for  accumulation  of 
ketone  and  acids  in  the  reaction  zone;  a) 
without  removal  of  adipic  acid,  and  b)with 
continuous  removal  of  adipic  acid  at  oxida¬ 
tion  temperature  at  130",  A)  contents  of  re¬ 
action  products  (millimoles/ liter):  B)  time 
(minutes):  1)  ketone;  2)  acids. 
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of  fresh  raw  material.  It  Is  clear  from  the  graph  that  the  maximum  ketone  concentration  is  the  same  (1  mole/ 
/liter)  with  continuous  removal  of  acid  and  in  ordinary  oxidation.  The  kinetic  curves  for  acid  accumulation  in 
these  two  experiments  differ  considerably.  The  rate  of  acid  accumulation  with  continuous  removal  of  acids  is 
approximately  the  same  as  in  the  experiments  under  the  usual  conditions,  and  is  0.20  mole/ liter ‘hour.  Adipic 
acid  comprises  65  molar  %  of  the  total  acids. 

As  was  to  be  expected,  continuous  removal  of  adipic  acid  from  the  reaction  zone  lowers  its  combustion 
considerably,  as  is  clear  from  the  data  on  gas  liberation.  Whereas  in  the  usual  oxidation  of  "anol  head”  at  130* 
the  average  rate  of  CO|  liberation  is  1.5  molar  %  per  hour,  with  continuous  removal  of  adipic  acid  it  is  0.5  molar 
per  hour. 

Thus,  if  the  oxidation  of  "anol  head"  is  effected  with  continuous  removal  of  adipic  acid  from  the  reaction 
zone,  its  combustion  to  lower  dicarboxylic  acids  is  diminished,  and  the  reaction  can  be  carried  out  as  a  continuous 
process. 

SUMMARY 

1.  Experiments  on  the  oxidation  of  "anol  head"  at  130,  150,  and  150-130*  were  carried  out;  kinetic  curves 
for  accumulation  of  the  reaction  products  were  plotted,  and  it  was  shown  that  adipic  acid  can  be  produced  by  oxi¬ 
dation  of  this  material. 

2.  It  is  shown  that  the  characteristics  of  the  oxidation  kinetics  of  this  raw  material  are  entirely  determined 
by  the  concentration  of  the  cyclohexanol  contained  in  it. 

3.  Oxidation  of  "anol  head"  with  continuous  removal  of  adipic  acid  is  the  most  rational  method  for  produc¬ 
tion  of  adipic  acid  from  this  raw  material,  as  combustion  of  adipic  acid  to  lower  dicarboxylic  acids  is. greatly 
diminished  and  the  whole  process  becomes  continuous. 

'  LITERATURE  CITED 

[1]  I.  V.  Berezin,  E.  G.  Denisov,  and  N.  M.  Cmanuel*  in  the  book;  Questions  of  Chemical  Kinetics, 
Catalysis,  and  Reactivity  [in  Russian]  (Izd.  An  SSSR,  1955)  p.  273. 

[2]  I.  V.  Berezin,  A.  A.  Emelin,  and  A.  A.  Konstantinov,  Azerbaldzhan  Petroleum  Economy  6,  15  (1954). 

[3]  I.  V.  Berezin,  Candidate's  Dissertation  [in  Russian]  (MGU,  1953). 

[4]  I.  V.  Berezin,  Proc.  Acad.  Scl.  USSR  99,  563  (1954). 

[5]  E.  T.  Denisov  and  N.  M.  Cmanuel',].  Phys.  Chem.  30,  2327  (1956). 

[6]  E.  T.  Denisov  and  N.  M.  Emanuel',  J.  Phys.  Chem.  30  ,  2499  (1956). 

[7]  I.  V.  Berezin,  L.  S.  Vartanyan,  B.  G.  Dzantlev,  I.  F.  Kazanskaya  and  N.  M.  Emanuel',  J.  Phys.  Chem. 
31,  340  (1957). 

Received  November  1,  1957 


909 


INFLUENCE  OF  CHEMICAL  STRUCTURE  OF  SULFENAMIDE 
COMPOUNDS  ON  VULCANIZATION  ACTIVITY 

M.  S.  Fel'dshteln,  B.  A.  Dogadkln,  I.  I.  Citlngoh, 
G.  P.  Shcherbachev,  and  N.  P.  Strel 'riiko va 

Scientific  Research  Institute  of  the  Tire  Industry 


In  our  earlier  papers  [1,  2]  we  described  the  vulcanization  characteristics  of  butadiene-styrene  rubber  mixes 
in  presence  of  sulfenamide  accelerators  —  benzothiazolesulfendiethylamide  and  benzothiazolesulfencyclohexyl- 
amide.  These  accelerators  caused  a  characteristic  retardation  of  the  accleration  kinetics  at  the  initial  stage  of 
vulcanization,  with  the  formation  of  more  stable— C—C—  linkages  as  the  result  of  radical  polymerization  processes 


A 


Fig.  1.  Influence  of  sulfenamide  compounds  on 
the  kinetics  of  sulfur  addition:  A)  amount  of  sul¬ 
fur  reacted,  Sbound^^total  (%)  ;  B)  vulcanization 
time  (minutes):  compounds  and  amounts  added 
(wt.  parts):  1)  benzothiazolesulfenamide  0.7; 

2)  benzothlazolesulfendlmethylamide  0.8;  3)ben- 
zothiazolesulfendiethylamide  0.9;  4)  dimethyl- 
dithiocarbamylsulfendlmethylamide  0.6;  5)  dl- 
methyldithiocarbamylsulfendiethylamide  0.72. 


in  addition  to  the  formation  of  —C—Sn—C— linkages. 

This  action  of  the  accelerators  results  in  a  considerable 
improvement  of  the  technical  properties  of  the  vulcan- 
izates,  including  increases  of  the  thermal  resistance  and 
fatigue  strength,  and  better  homogeneity  of  laminated 
rubber  products  [2,  3]. 

Considerable  interest  attached  to  studies  of  the 
action  of  sulfenamide  compounds  differing  in  chemical 
structure,  with  the  object  of  determining  the  relation¬ 
ship  between  their  vulacanization  activity  and  chemical 
structure.  Here  vulcanization  activity  implied  not  only 
the  influence  of  these  compounds  on  the  kinetics  of  sulfur 
addition  to  rubber,  but  also  their  effect  on  structurization 
processes. 

EXPERIMENTAL 

The  principal  substances  studied  were  representa¬ 
tives  of  the  two  classes  of  sulfenamide  compounds  — 
derivatives  of  mercaptobenzothiazole  and  of  dimethyl- 
dithiocarbamic  acid.  As  the  table  shows,  the  accelerators 
studied  differed  in  the  composition  of  the  substituents  in 
the  amino  group. 

Each  of  the  sulfenamide  derivatives  of  mercapto¬ 
benzothiazole  was  synthesized  by  one  of  the  following 
three  methods. 


1.  Oxidative  condensation  of  mercaptobenzothiazole  with  a  secondary  amine,  with  the  use  of  sodium  hypo¬ 
chlorite  or  iodine  as  oxidizing  agent  [4]: 


NaClO 


CoIIK  V-SH - 


yR  /Nv  /R 

C6H4<^^^C— S— +  H2O  +  NaCl. 
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2.  Condensation  of  benzothiazolesulfenyl  chloride  with  the  amine,  for  example: 


+  WN<^^->CeH4/^^C-S-N^^+  HCl. 

3.  Condensation  of  mercaptobenzothiazole  with  the  corresponding  chloramine: 

N  R  N  R 

^8^4/  V-SII +C1n/  -*.CeH4/  '^C-S-n/  +  HCI. 

^R  \r 

Sulfenamide  derivatives ofdialkyldithiocarbamic  acid  were  also  prepared  by  oxidative  condensation  of  the 
sodium  salts  with  substituted  amines  in  a  weakly  alkaline  medium: 


Rv  o  R\ 

\N_C-S-Nn-I- 11N<  — ♦  >N-G— S— N<  + 

R/  II  \R,  R/  I  \Ri 


NaOH. 


Sulfenamide  Compounds 


Derivatives  of  mercaptobenzothiazole 


Derivatives  of  dimethyldithio- 
carbamic  acid 


Benzothiazolesuifenamide 


Benzothiazolesulfendimethylamide 


/N.  XH, 

^C-S-N< 

\CH, 

Benzothiazolesulfendiethylamide 
(Sulfenamide  BT) 

/Nv  .CtH, 

c,n./  Vj-s-nC 

\o  / 


x,ii. 


Benzothiazolesulfencyclohexylamide 

C,H«C  ^C-S-N-CI1<  >C1I, 

I  ^CIlj-CII/ 

H 

Benzothiazolesulfenpiperidide 


C,!!,/  ^C-S-N;  >CI1, 


Benzothiazolesulfendiphenylamide 

Vv-S-N(C.ll,), 

Benzothiazolesulfenphenylamide 

I 

II 

Benzothiazolesulfenmorpholide 


C.11 


Cl  I, -Cl  I, V 


Dimethyidithiocarbamylsulfen- 

amide 

CH,. 

)N-C-S-NH, 
ch/  II 

Dimethylthioca^amyisulfen- 

dimethylamide 

CH,v  /CH, 

\n-c-s-n< 

CH/  II 


XH, 


Dimethylthiocarbamylsulfen- 

diethylamide 

CH,v  ^CfH, 

>N-C-S-NC 
CH,/  II  \C,H, 


The  effectiveness  of  sulfenamide  compounds  as  vulcanization  accelerators  was  tested  on  mixes  of  butadiene- 
styrene  rubber  (SKS-30A)  thermally  platsticized  to  Karrer  plasticity  of  0.5.  Butadiene-styrene  rubber  was  chosen 
for  the  investigation  because  sulfenamide  compounds  are  particularly  effective  vulcanization  accelerators  for  mixes 
of  rubbers  of  this  type.  The  amounts  of  accelerators  used  were  the  molar  equivalents  of  the  normally-required 
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A 


Fig.  2,  Effect  of  vulcanization  time 
on  the  solubility  of  mixes  In  chloro¬ 
form:  A)  solubility  in  chloroform  {%)-, 
B)  vulcanization  time  (minutes); curve 
numbers  as  in  Fig,  1. 


A  5 


Fig.  3.  Effect  of  sulfenamide  com¬ 
pounds  on  the  kinetics  of  variation  of 
the  equilibrium  modulus:  A)  equilib¬ 
rium  modulus  (kg/ cm*):  B)  vulcaniza¬ 
tion  time  (minutes):  compounds  and 
amounts  added  (wt.  parts):  1)  benzo- 
thiazolesulfenamide  0.7;  2)  benzo- 
thiazolesulfendiethylamide  0.9;  3)  di- 
methylthiocarbamylsulfend  imethyl- 
amide  0.6. 


concentrations  of  benzothiazolesulfendiethylamide  (Sulfenamide 
(BT),  the  properties  of  which  were  studied  in  detail  earlier  [2, 3], 
The  mixes  contained  1.5  weight  parts  of  sulfur,  the  accelerator, 

5.0  weight  parts  of  zinc  oxide,  and  2.0  weight  parts  of  stearic 
acid  per  100  weight  parts  of  rubber.  In  addition  to  these  com¬ 
ponents,  loaded  mixes  contained  channel  black  and  Rubberax. 

The  loaded  mixes  contained  2.0  weight  parts  of  sulfur. 

The  influence  of  sulfenamide  compounds  on  the  vulcani¬ 
zation  kinetics  of  nonloaded  mixes  is  represented  by  data  on  sul¬ 
fur  addition  in  Fig.  1,  by  variations  of  solubility  in  chloroform  in 
Fig.  2,  and  variations  of  the  equilibrium  modulus  in  Fig.  3.  It 
follows  from  the  data  in  Fig.  1  and  2  that  the  curves  for  the 
vulcanization  kinetics  of  mixes  containing  accelerators  of  the 
benzothiazolesulfenamide  type  reveal  the  existence  of  an  initial 
period  of  retarded  vulcanization.  Thus,  after  5  minutes  of  vul¬ 
canization  the  amount  of  reacted  sulfur  in  such  mixes  does  not 
exceed  10%  of  the  amount  added,  and  the  mixes  are  completely 
soluble  in  chloroform.  The  retarded  period  of  vulcanization  is 
illustrated  especially  clearly  by  the  data  on  variations  of  equi¬ 
librium  modulus  (Fig.  3).  Whereas  a  mix,  containing  benzo- 
thiazolesulfendiethylamide,only  attains  its  final  value  of  the 
equilibrium  modulus  after  10  minutes  of  vulcanization,  and  in 
mixes  with  benzothiazolesulfenamide  the  modulus  is  zero,  even 
after  20  minutes  of  heating,  in  a  mix  with  dimethyldithiocar- 
bamylsulfendimethylamide  the  equilibrium  moduls  reaches  4.7 
kg/ cm*  after  only  5  minutes  of  vulcanization. 

Dialkyldithiocarbamylsulfenamides  have  a  different  in¬ 
fluence  on  the  vulcanization  kinetics.  Taken  in  molecular  equiv¬ 
alents  of  the  amounts  of  benzothiazolesulfenamides  used,  they 
cause  a  very  high  rate  of  the  reaction  of  sulfur  addition  to  rub¬ 
ber,  so  that  the  vulcanization  process  is  almost  complete  with¬ 
in  the  first  5-10  minutes  of  heating  at  143“  (Figs.  1-3).  Thus, 
the  most  important  distinction  between  the  effects  of  thiocar- 
bamylsulfenamides  and  benzothiazolesulfenamides  is  that  the 
former  lead  to  the  formation  of  a  spatial  vulcanization  structure 
at  the  earliest  stage,  whereas  with  benzothiazolesulfenamides 
the  vulcanization  process  is  characterized  by  a  definite  induc¬ 
tion  period. 

During  recent  years  it  has  been  shown  [5-7]  that  sulfur  in 
the  molecules  of  sulfur-containing  accelerators  is  exchanged 
with  elemental  sulfur  at  vulcanization  temperatures.  Some 
workers  [5]  consider  that  exchange  is  a  means  of  activation  of 
sulfur  in  the  vulcanization  process. 


It  was  of  interest  to  determine  the  relationship  between 
vulcanization  activity  of  accelerators  and  the  rate  of  isotope 
exchange  with  sulfur.  The  substances  taken  for  the  investigation  were  benzothiazolesulfendimethylamide  and 
dimethylthiocarbamylsulfendimethylamide,  which  are  representatives  of  two  classes  of  sulfenamide  compounds 
which  differ  in  their  influence  of  vulcanization  kinetics.  The  exchange  reaction  was  effected  in  benzene  solu¬ 
tion  (in  sealed  tubes)  at  110  and  130*.  The  mixtures  were  vulcanized  in  a  press  and  in  solution  at  the  tempera¬ 
tures  used  for  the  exchange.  It  was  not  possible  to  carry  out  experiments  at  the  usual  vulcanization  temperature 
(143*)  because  of  the  rapid  decomposition  of  sulfenamides,  especially  benzothiazolesulfendimethylamide.  The 
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A  B 


Fig.  4.  Kinetics  of  Isotope  exchange  between 
accelerators  and  elemental  sulfur,  and  of  rub¬ 
ber-sulfur  interaction,  at  130*:  A)  I/Ij  (%); 

B)  amount  of  sulfur  reacted,  Sj,ound/ ^total 

C)  vulcanization  time  (minutes);  D)  heating 
time  (hours):  1,1*)  benzothlazolesulfendlmethyl- 
amide;  2,2')  dimethylthlocarbamylsulfendl- 
methylamide;  1,2)  sulfur  addition;  r,2*)  iso¬ 
tope  exchange. 


A  B 


Fig.  5.  Kinetics  of  isotope  exhange  between 
accelerators  and  elemental  sulfur,  and  of  rub¬ 
ber-sulfur  interaction,  at  110*:  coordinates 
as  in  Fig.  4;  1,2)  sulfur  addition  during  vul¬ 
canization  in  press;  3)  the  same,  in  solution; 
l’,2')  Isotope  exchange;  l,l’)benzothiazole- 
sulfendlmethylamlde;  2,2', 3)  dlmethylthlo- 
carbamylsulfenyldimethylamlde. 


results*  obtained  on  the  kinetics  of  exchange  between  ac¬ 
celerators  and  sulfur  and  on  vulcanization  kinetics  (amounts 
of  sulfur  added  to  the  rubber)  are  given  in  Figs.  4  and  5. 

It  follows  from  Fig.  4  that  the  kinetic  curves  for  vulcani¬ 
zation  at  130’  are  similar  in  form  to  the  kinetic  curves  for 
the  exchange  reaction.  At  the  lower  temperature  (110*) 
vulcanization  in  the  press  is  also  fairly  rapid  (Fig.  5).  Vul¬ 
canization  in  solution  is  considerably  slower.  However, 
even  in  this  case,  as  the  data  on  the  course  of  changes  of 
solubility  in  chloroform  show  (Fig.  6),  a  considerable  de¬ 
gree  of  structure  formation  is  attained  in  presence  of  dl- 
methylthiocarbamylsulfendlmethylamide  accelerator.  It 
follows  that  at  110*  vulcanization  takes  place,  whereas  no 
Isotope  exchange  is  observed  between  the  accelerators  in¬ 
vestigated  and  elemental  sulfur. 

With  regard  to  the  influence  of  alkyl  substitutents 
in  the  amino  group  on  the  vulcanization  activity  of  benzo- 
thiazolesulfenamides,  it  must  be  noted  that  the  longest  in¬ 
duction  period  in  vulcanization  is  observed  in  presence  of 
unsubstituted  benzothiazolesulfenamlde  (Fig.  1).  Other 
compounds,  containing  methyl  or  ethyl  radicals  in  the 
amino  group,  show  a  tendency  to  shorten  the  induction 
period  of  vulcanization  with  Increase  in  the  molecular 
weight  of  such  radicals.  It  must  be  remembered  that  the 
length  of  the  induction  period  naturally  depends  on  the 
vulcanization  temperature  and  the  amount  of  accelerator 
added  to  the  mix.  However,  in  the  case  of  benzothlazole- 
sulfenamides  an  Induction  period  is  found  over  the  entire 
range  of  accelerator  concentrations  used  in  practice.  This 
is  shown  by  the  curves  in  Fig.  7,  which  represent  the  kinetics 
of  sulfur  addition  at  vulcanization  temperature  143’  with 
different  amounts  of  benzothiazolesulfendiethylamide  and 
their  molar  equivalents  of  dibenzothiazole  disulfide  and 
diphenylguanidine.  It  is  clear  from  Fig.  7  that,  in  contrast 
to  mixes  containing  dibenzothiazole  disulfide  and  diphenyl¬ 
guanidine,  the  vulcanization  kinetics  of  mixes  containing 
various  amounts  of  benzothiazolesulfendiethylamide  can  be 
represented  by  S-shaped  curves  with  distinct  initial  retarded 
vulcanization  periods. 

The  experimental  data  presented  below,  represent 
the  vulcanization  activities  of  certain  cyclic  and  hetero¬ 
cyclic  derivatives  of  benzothiazolesulfenamide.  The  vul¬ 
canization  activities  (based  on  data  on  solubilities  in  chlo¬ 
roform)  of  benzothiazolesulfenpiperidide,  benzothiazole- 
sulfencyclohexylamide,  and  the  diethylamide  derivative 
are  compared  in  Fig.  8,  a.  Whereas  in  presence  of  the  lat¬ 
ter  two  accelerators  the  mixes  remain  almost  completely 
soluble  in  chloroform  after  5  minutes  of  vulcanization.  In 
the  case  of  benzothiazolesulfenpiperidide  the  solubility 
falls  to  25<^  during  the  same  vulcanization  time.  The 
kinetic  curve  for  vulcanization  (based  on  data  on  sulfur 


•  These  results  were  obtained  with  the  assistance  of  D.  M.  Pevzner. 
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A 


Fig.  6.  Effect  of  dlmethylthio- 
carbamylsulfendlmethylamlde 
on  structure  formation  during 
vulcanization  In  solultion  at  llO* 
A)  solubility  of  film  In  chloro¬ 
form  (<70);  B)  duration  of  heat¬ 
ing  of  the  solution  (hours). 


A 


Fig.  7.  Effects  of  the  nature  and  content 
of  the  accelerator  on  the  kinetics  of  rub¬ 
ber  addition;  A)  amount  of  sulfur  reacted, 
^bound/^total  W:  B)  vulcanization  time 
(minutes):  accelerators  and  amounts  ad¬ 
ded  (  weight  parts):  1)  benzothlazolesulfen 
diethylamide  0.8;  2)  the  same,  1.0;  3)  the 
same,  1.2;  4)  dlbenzothlazole  disulfide  0.6 
and  diphenylguanldlne,  0.6;  5)  the  same, 
0.6  and  0.75. 


addition)  of  a  mix  containing  benzothlazolesulfencyclohexyl- 
amlde  shows  a  shorter  induction  period  of  vulcanization  (Fig. 

8,b)  than  the  curve  for  a  mix  containing  Its  molar  equivalent 
of  benzothiazolesulfendiethylamlde.  If  the  accelerator  mol¬ 
ecule  contains  tlie  piperidine  group,  there  is  no  induction 
period.  The  vulcanization  kinetics  of  butadiene-styrene  rub¬ 
ber  In  presence  of  benzothlazole-sulfenplperidide  (Fig.  8,  b) 

Is  similar  In  character  to  the  vulcanization  kinetics  of  mixes 
containing  thlocarbamylsulfenamlde  accelerators. 

Introduction  of  two  phenyl  radicals  into  the  amino  group 
of  a  sulfenamlde  compound  results  in  almost  total  loss  of  vul¬ 
canization  activity.  Thus,  a  nonloaded  mix,  containing  benzo- 
thlazolesulfendlphenylamide,  had  relative  elongation  over 
1700%  and  residual  elongation  of  110%  after  100  minutes  of 
heating  at  143*.  TTie  bound-sulfur  content  was  within  the  range 
characteristic  of  mixes  without  vulcanization  accelerators. 

The  absence  of  any  appreciable  structurizing  effect  Is  clearly 
seen  In  presence  of  this  compound  in  loaded  mixes  containing 
channel  black  (Fig.  9).  Replacement  of  one  phenyl  radical 
in  the  benzothiazolesulfendlphenylamide  molecule  by  a  hy¬ 
drogen  atom  produces  a  compound  —  benzothiazolesulfen- 
phenylamide  —  which  is  an  effective  vulcanization  accelerator. 
It  is  clear  from  the  data  in  Fig.  9,  that  the  structurizing  action 
(as  indicated  by  the  modulus)  of  benzothiazolesulfenphenyl- 
amlde  approaches  that  of  benzothiazolesulfendiethylamide 
(Sulfenamide  BT). 

In  connection  with  this  difference  in  the  effectiveness 
of  sulfenamide  derivatives  of  mercaptobenzothiazole  in  which 
amide  hydrogen  is  replaced  by  one  or  two  phenyl  groups  res¬ 
pectively,  it  was  of  undoubted  interest  to  investigate  the  ac¬ 
tivities  of  analogous  compounds  in  which  the  corresponding 
hydrogen  atoms  are  replaced  by  hydrogenated  phenyl  nuclei, 
such  as  cyclohexyl  and  dicyclohexyl.  It  is  clear  from  Fig.  10 
that  benzothiazolesulfendicyclohexylamide  is  inferior  to  benzo- 
thlazolesulfencyclohexylamide  as  a  vuclanlzation  accelerator. 

Thus,  it  follows  from  these  data  that  compounds  formed 
by  the  introduction  of  only  one  phenyl  or  cyclohexyl  radical 
into  the  amino  group  of  benzothiazolesulfenamide  are  more 
active  accelerators  than  compounds  in  which  the  amino  hy¬ 
drogen  is  replaced  by  two  phenyl  or  cyclohexyl  groups. 

It  should  be  noted  in  this  connection  that  the  compounds 
formed  by  replacement  of  hydrogen  by  hydrogenated  radicals 
have  higher  vulcanization  activities  than  the  phenyl  derivatives. 
This  is  seen  especially  clearly  in  a  comparison  of  the  vulcani¬ 
zing  effects  of  benzothiazolesulfendlcylohexylamide  and  of 
benzothiazolesulfendiphenylamide,  as  the  latter  is  almost  in¬ 
effective  as  a  vulcanization  accelerator. 


The  presence  of  morpholine  groups  in  sulfenamide  compounds  also  has  a  retarding  influence  on  vulcaniza¬ 
tion  kinetics.  In  this  class  of  compounds,  the  product  of  oxidative  condensation  of  mercaptobenzothiazole  and 
morpholine  —  benzothiazolesulfenmorphollde  —  was  synthesized  and  studied.  Fig.  11  shows  data  on  the  kinetics 
of  sulfur  addition  in  the  vulcanization  of  nonloaded  mixes  containing  benzothiazolesulfcnmorpholide  (Curve  2)  and 
benzothlazolesulfendiethylamlde  (Curve  1).  The  induction  period  of  vulcanization  is  somewhat  longer  for  tlie  mix 
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Fig.  8.  Vulcanization  kinetics  of  mixes  containing  benzothiazolesulfenpiperi- 
dine  (1),  benzothiazolesulfen-yclohexylamide  (2),  and  benzothiazolesulfendi- 
ethylamide  (3).  A)SolubilltyIn  chloroform  (%);  B)  amount  of  sulfur  reacted, 
Abound/ ^total  vulcanization  time  (minutes). 


Fig.  9  Fig.  10 

Fig.  9.  Influence  of  phenyl  radicals  on  the  vulcanzation  activity  of  benzothia- 
zolesulfenamides  (in  mixes  with  channel  black):  A)  equilibrium  modulus  at 300% 
elongation  (kg/ cm*);  B)  vulcaniation  time  (minutes);  compounds  and  amounts 
added  (wt.  parts):  1)  benzothiazolesulfendiphenylamide,  1.4;  2)  benzothiazole- 
sulfenphenylamide  1.1;  3)  benzothiazolesulfendiethylamide  1.0. 

Fig.  10.  Vulcanization  activities  of  benzothiazolesulfencyclohexylamide  (1)  and 
benzothiazolesulfendicyclohexylamide  (2)  in  mixes  with  channel  black:  coordi¬ 
nates  as  in  Fig.  9. 


with  benzothiazolesulfenmorpholide than  for  the  mix  with  benzothiazolesulfendiethylamide.  However,  the  time 
needed  to  reach  the  vulcanization  optimum  (as  shown  by  the  physical  data)  is  almost  the  same  for  the  two  mixes. 
The  vulcanizates  made  with  the  use  of  benzothiazolesulfenmorpholide  are  equivalent  in  physical  and  mechanical 
properties  to  vulcanizates  with  benzothiazolesulfendiethylamide. 
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Fig.  11  Fig.  12 

Fig.  11.  Kinetics  of  sulfur  addition  in  presence  of  benzothiazolesulfendiethyl- 
amide  (1)  and  benzothiazolesulfenmorpholide  (2):  A)  amount  of  sulfur  reacted 
^bound/ ^total  vulcanization  time  (minutes). 


Fig.  12.  Vulcanization  kinetics  of  mixes  of  the  inner-tube  type:  coordinates 
as  in  Fig.  11;  compounds  and  amounts  added:  1)  dimethylthiocarbamylsulfen- 
diethylamide  0.8;  2)  tetramethylthiuram  disulfide  0.35  and  dibenzothiazole 
disulfide  0.30;  3)  dimethylthiocarbamylsufendimethylamide  0.40;  4)  dibenzo¬ 
thiazole  disulfide  1.0  and  diphenylguanidine  1.0;  5)  benzothiazolesulfendi- 
ethylamide  1.2. 


In  conclusion,  it  should  be  noted  that  the  vulcanization  accelerators  described  are  suitable  from  the  techni¬ 
cal  aspect.  Sulfenamlde  derivatives  of  mercaptobenzothiazole  which  slow  down  vulcanization  at  the  start  of  the 
process,  prevent  premature  vulcanization  almost  entirely  and  ensure  that  the  mixes  remain  longer  in  the  visco¬ 
fluid  state,  which  is  important  in  the  production  of  monlithic  multilayer  products  [3].  Because  of  this,  some  of 
the  mercaptobenzothiazole  derivatives  —  benzothlazolesulfendlethylamide,  benzothlazolesulfencyclohexylamlde, 
and  recently  benzothiazolesulfenmorpholide  ~  have  been  extensively  used  in  the  production  of  automobile  tires 
treads. 

By  the  nature  of  the  vulcanization  kinetics  (of  butadiene-styrene  rubber)  in  presence  of  sulfenamlde  deriva¬ 
tives  of  dithiocarbamlc  acid,  these  compounds  may  be  useful  In  inner-tube  stocks  (Fig,  12).  It  is  known  that  a 
short  vulcanization  time  is  used  in  the  production  of  inner  tubes.  Because  of  this,  the  vulcanization  system  used 
in  such  stocks  should  ensure  a  high  rate  of  vulcanization.  Examples  (comparison  standards)  are  provided  by  the  ac¬ 
celerator  groups  used  in  industry:  dibenzothiazole  disulfide  —  tetramethylthiouram  disulfide,  and  dibenzothiazole 
disulfide  “  diphenylguanidine.  The  use  of  benzothlazolesulfendiethylamlde  in  mixes  of  this  type  involves  certain 
difficulties,  because  retarded  vulcanization  occurs  in  presence  of  this  accelerator  (Fig.  12).  On  the  other  hand, 
mixes  containing  thlocarbamylsulfenamide  acclerators  are  close  in  their  vulcanization  kinetics  to  the  comparison 
mixes,  and  therefore  conform  to  the  vulcanization  requirements  of  inner- tube  stocks. 
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COMPOSITION  OF  THE  PRODUCTS  OF  CYCLOHEXANOL 
DEHYDROGENATION  OVER  A  ZINC  CATALYST  AND  CONVERSION 
OF  THE  RESULTANT  STILL  RESIDUE  INTO  CYCLOHEXANONE 

L.  Kh.  Freidlin,  V.  Z.  Sharf,  and  Z.  S.  Smolyan 


Catalytic  dehydrogenation  of  cyclohexanol  to  cyclohexanone  has  become  of  great  industrial  importance  in 
relation  to  the  development  of  caprolactam  production.  The  available  literature  data  on  dehydrogenation  of  cy¬ 
clohexanol  refer  mainly  to  the  influence  of  the  nature  of  the  catalyst  and  process  conditions  on  the  yield  of  cyclo¬ 
hexanone.  The  composition  of  the  reaction  products  has  not  been  studied  in  detail. 

In  the  Japanese  patent  [1]  a  Cu— Al  — Ni  (58:48  : 2)  catalyst  is  recommended  for  dehydrogenation  of  cyclo¬ 
hexanol.  The  cyclohexanone  yield  is  85<7o.  An  American  patent  [2]  recommends  a  catalyst  made  by  reduction 
of  a  mixture  of  copper  and  zinc  oxides  (50  : 50)  at  400-450*.  The  cyclohexanone  yield  was  65*70  at  395*. 

The  production  of  cyclohexanone  by  dehydration  of  cyclohexanol  is  complicated  by  a  number  of  parallel 
and  consecutive  reactions.  The  chief  of  these  are:  dehydrogenation  of  the  cyclohexanol  napthene  nucleus,  re¬ 
distribution  of  hydrogen  in  cyclohexanone,  dehydration  of  cyclohexanol,  and  condensation  of  cyclohexanone. 

Terent'ev  and  Guseva  [3]  found  that  cyclohexanone  undergoes  a  conversion  similar  to  irreversible  catalysis 
in  presence  of  platinized  carbon  even  at  200",  with  formation  of  phenol  (28%)  and  cyclohexanol  (35%).  The  lat¬ 
ter  is  dehydrated  to  cyclohexene,  which  is  further  isomerized  to  benzene  and  cyclohexane, 

Cyclohexanol  and  cyclohexanone  yields  phenol  in  presence  of  a  complex  catalyst  consisting  of  Ni,  Cu, 

CtjOs,  and  alkali  sulfates  [4]  and  Raney-type  catalysts  [5].  Raney  catalysts  also  yield  a  neutral  oil  which  is  pre¬ 
sumed  to  contain  cyclohexyl  ether  and  cyclohexylphenyl. 

Nazarov  and  his  associates  [6]  showed  that  cyclohexanone  is  converted  into  phenol  (75%)  and  cyclohexane 
over  aluminum  oxide  under  dynamic  conditions  at  320-450"  and  at  atmospheric  pressure.  In  a  search  for  the  source 
of  formation  of  the  condensation  products  formed  in  dehydrogenation  of  cyclohexanol,  Masina  [7]  found  that  when 
cyclohexanol  and  cyclohexanone  are  passed  over  nickel  or  cobalt  catalysts  at  380-450"  the  greater  amount  of 
these  products  is  formed  from  cyclohexanone.  Formation  of  condensation  products  has  also  been  observed  in  pres¬ 
ence  of  catalysts  which  do  not  have  dehydrogenating  properties.  For  example,  Petrov  found  that  on  prolonged 
contact  (24  hours)  with  aluminum  oxide  under  30  atmos  pressure  at  320*  cyclohexanone  is  converted  into  cyclo- 
hexylidenecyclohexanone-2  and  into  condensation  products  of  three  and  four  molecules  of  cyclohexanone  [8]. 
Moreover,  formation  of  cyclohexylidenecyclohexanone-2  was  also  observed  [9]  in  absence  of  catalyst,  when  cyclo¬ 
hexanone  was  boiled  under  reflux  (10%  formed  in  115  hours). 

In  this  investigation  we  studied  the  composition  of  the  products  formed  in  the  industrial  process  of  cyclo¬ 
hexanol  dehydrogenation  over  zinc  catalyst.  The  principal  reaction  product  is  cyclohexanone,  the  yield  of  which 
is  80-85%  of  the  theoretical.  About  15%  of  the  cyclohexanol  remains  unchanged.  The  catalyzate  contains  0.3- 
0.5  %  cyclohexene  and  0.1-0.15%  phenol. 

After  distillation  of  cyclohexene,  cyclohexanone,  and  cyclohexanol,  a  higher-boiling  residue  remains  in  the 
still.  Investigation  of  its  composition  showed  that  over  50%  of  it  consists  of  cyclohexylidenecyclohexanone-2.  It 
was  of  practical  interest  to  determine  whether  it  is  possible  to  convert  the  main  component  of  the  still  residue 
into  cyclohexanone.  We  therefore  developed  a  continuous  method  for  hydrolysis  of  cyclohexylidenecyclohexanone-2 
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whereby  about  40*70  of  the  still  residue  is  converted  into  cyclohexanone.  About  10<7oof  cyclohexanol  is  formed 
at  the  same  time.  In  addition,  cyclohexyl  ether  in  2-3*7o  yield  was  isolated  from  the  still  residue. 

EXPERIMENTAL 

Composition  of  Catalyzate.  The  catalyst  consisted  of  iron  turnings  or  sheet  iron,  coated  with  a  thin  layer 
of  metallic  zinc.  Cyclohexanol  was  dehydrogenated  at  380-420’  at  space  velocity  1  hour"^.  The  reaction  prod¬ 
ucts  were  separated  by  rectification;  first  water  and  cyclohexene  were  driven  off  at  atmospheric  pressure  in  the 
form  of  an  azeotrope  of  b.p.  70-71*.  The  amount  of  cyclohexene  in  the  catalyzate  is  usually  0.3-0. 5*7),  and  of 
water  0.1-0.2<7o.  Tire  product  was  then  rectified  by  means  of  a  column  with  an  efficiency  of  35  theoretical  plates 
(TP).  Cyclohexanone  was  usually  isolated  at  100  mm  and  91*.  It  was  found  to  contain  98-98.5*7)  of  cyclohex¬ 
anone,  by  the  oxime  method.  The  yield  was  80-85*7)  on  the  cyclohexanol  passed.  At  106*  and  the  same  pressure 
10-15*7o  of  unchanged  cyclohexanol  was  distilled  off.  After  distillation  of  the  cyclohexanol,  the  still  contained 
a  high-boiling  residue,  corresponding  to  1-1. 5*7)  of  the  cyclohexanol  taken. 

Composition  of  the  Still  Residue.  The  residue  was  distilled  from  a  Claisen  flask  at  20  mm.  Two  broad  frac¬ 
tions  were  collected:  I,  boiling  up  to  140*,  and  II,  boiling  between  140  and  160*.  The  residue  was  not  investi¬ 
gated. 

Fraction  I  was  distilled  through  a  column  of  15  TP  efficiency  at  2-3  mm;  at  70-74*  phenol  was  collected 
in  O.l-O.15*7o  yield  on  the  catalyzate. 

Fraction  II  comprised  over  60*70  of  the  still  residue.  It  was  distilled  through  a  column  of  35  TP  at  20  mm. 

At  129-130*  a  substance  (10*7)  by  weight)  was  isolated,  with  the  following  properties:  n*D  1.4921,  d*'’4  0.962; 
it  was  shown  by  tlie  oxime  method  to  contain  83.7*7o  of  a  ketone,  calculated  as  cyclohexylldenecyclohexanone-2. 

It  is  soluble  in  organic  solvents  and  insoluble  in  water;  its  2,4-dinitrophenylhydrazone  melted  at  156-157*.  This 
carbonyl  compound  was  not  identified.  Further  rectification  of  Fraction  II  gave  cyclohexylidenecyclohexanone-2 
in  approximately  80*7)  yield,  corresponding  to  a  50<7o  content  of  this  ketone  in  the  still  residue.  A  second  distil¬ 
lation  yielded  a  substance  with  the  following  properties;  b.p.  153-154*  at  20  mm,  n*®D  1.5051,  d*®4  1.005.  The 
oxime  method  showed  a  99-100*70  ketone  content,  calculated  as  cyclohexylidenecyclohexanone-2.  The  follow¬ 
ing  derivatives  were  prepared:  2,4-dinitrophenyl  hydrazone  of  m.p.  122*  and  oxime  of  m.p.  153-154*. 

Analysis  of  oxime;  Found'T);  C  74.70;  H  9.82;  N  6.65.  C^jH^gON.  Calculated  <7o:  C  74.60;  H  9.83;  N7.25 

A  mixed  sample  with  pure  cyclohexylidenecyclohexanone-2  oxime  gave  no  melting  point  depression. 

Fraction  II  was  hydrogenated  at  180*  over  Ni— Cr^Og  catalyst.  A  substance  with  the  following  properties  was 
isolated  from  the  catalyzate  after  repeated  rectification:  b.p.  149-150*  at  20  mm,  m.p.  30*,  n*®D  1.4992,  d*®4 
0.9838,  MR;  found  54.02;  calculated  54.74. 

Analysis  of  the  substance;  Found'T);  C  78.69;  H  11.49.  Ci2H220.  Calculated  C  79.10;  H  12.09 

These  properties  were  close  to  the  properties  of  cyclohexylcylohexanol-2,  prepared  earlier  by  hydrogenation 
of  cyclohexylidenecyclohexanone;  m.p.  30-31*,  b.p.  265-270’  at  760  mm  [10]. 

Preparation  of  Cyclohexanone  by  Hydrolyti  c  Decomposition  of  Cyclohexyl  idenecy- 
clohexanone-2  Present  in  the  Still  Residue  from  Cyclohexanone  Production 

We  showed  earlier  that  cyclohexylidenecyclohexanone-2  can  be  converted  hydrolytically  into  cyclohexa¬ 
none  in  80-90*7o  yield  [11]. 

A  recent  patent  [12]  also  describes  a  process  for  production  of  cyclohexanone  by  hydrolytic  decomposition 
of  the  200-260*  fraction  of  the  still  residues,  containing  cyclohexylidenecyclohexanone-2. 

It  was  of  interest  to  determine  whether  this  method  can  be  used  for  obtaining  cyclohexanone  from  still 
residues  in  cyclohexanone  production. 

The  effects  of  process  conditions  on  cyclohexanone  yield  were  first  studied  (see  table).  The  experiments 
were  performed  in  an  autoclave. 

The  cyclohexanone  formed  was  distilled  off  in  the  form  of  an  azeotropic  mixture  with  water,  of  b.p.  96-97* 
and  determined  by  the  oxime  method.  After  cyclohexanone-water  azeotrope,  the  cyclohexanol-water  azeotrope 
of  b.p.  97-98*  distills  over.  The  amount  of  cyclohexanol  was  20*7)  of  the  amount  of  cyclohexanone  isolated. 
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Results  of  Autoclave  Experiments 


Temperature 

("C) 

Volume  ratio  of 

NaOH  solution  and 

still  residue 

Contact  time 
(minutes) 

Cyclohexanone 
yield  {^o) 

230 

2.5 

60 

27.8 

250 

2.5 

30 

40.8 

260 

1.0 

30 

36.5 

270 

2.5 

30 

39.6 

300 

2.5 

1 

30 

40.5 

It  follows  from  the  table  that  under  the  optimum  conditions:  temperature  250-270",  contact  time  30-40 
minutes,  and  2.5  : 1  ratio  of  caustic  soda  (1<^  aqueous  solution)  to  still  residue,  the  cyclohexanone  yield  was 
by  weight. 

It  was  necessary  to  find  whether  It  might  be  advisable  first  to  Isolate  the  fraction  containing  cyclohexyl- 
ldenecyclohexanone-2  from  the. still  residue,  and  then  to  hydrolyze  it.  The  original  still  residue  (60.6  g)  was 
distilled  at  15  mm  to  give  the  following  fractions: 


Fraction 

B.p.  (*C) 

Amount 

I 

65-100 

1.8 

11 

100-141 

35.8 

III 

141-144 

12.7 

Residue 

- 

9.4 

Losses 

— 

0.9 

Fractions  U  and  III  were  separately  hydrolyzed  in  the  autoclave.  The  cyclohexanone  yields  were  48  and  60<7o 
respectively.  Thus,  a  total  of  25  g  of  cyclohexanone  was  obtained,  which  corresponds  to  41.5<7o  yield  on  the  still 

residue  taken.  It  is  seen  that  hydrolysis  of  previously  isolated  frac¬ 
tions  which  could  contain  cyclohexyl Idenecyclohexanone- 2  gives 
about  the  same  yield  of  cyclohexanone  as  the  still  residue  Itself. 

Prolonged  experiments  were  then  carried  out  in  a  continuous 
unit  (see  diagram).  The  still  residue  and  sodium  hydroxide  solu¬ 
tion  were  drawn  by  means  of  the  hydraulic  pumps  1  and  1’  from  two 
burets  2  and  2',  and  fed  under  pressure  through  steel  capillaries  into 
the  upper  end  of  the  reactor  3,  20  mm  In  diameter  and  400  mm  long. 
The  temperature  was  measured  by  means  of  the  thermocouple  4  in¬ 
serted  in  the  reactor  wall.  The  reactor  was  fitted  with  a  manometer 
5  and  heater  6  with  automatic  temperature  regulation.  The  reaction 
mixture  was  discharged  continuously  from  the  reactor  through  a  fine- 
control  valve  7  and  condenser  8,  and  collected  In  the  receiver  9.  In 
this  way  the  reaction  components  were  fed  in  and  the  reaction  prod¬ 
ucts  withdrawn  continuously.  The  experiments  were  conducted  at 
260-280",  with  a  contact  time  of  30  minutes  and  2: 1  ratio  of  aqueous 
sodium  hydroxide  (1%)  to  still  residue.  Samples  were  taken  during 
operation  of  the  unit,  and  their  cyclohexanone  contents  were  deter¬ 
mined.  The  cyclohexanone  yield  in  all  the  experiments  was  39-41 
wt.  %  on  the  amount  of  still  residue  passed. 

As  was  shown  earlier,  about  50*5^  of  Fraction  II  and  III  did  not 
react  during  the  hydrolysis  and  was  not  distilled  with  water.  After 
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repeated  distillation  of  the  unconverted  portion  of  the  still  residue^we  isolated,  in  addition  to  cyclohexyl idene- 
cyclohexanone-2,  dicyclohexyl  ether  in  about  3*^  yield  calculated  on  the  original  still  residue.  After  distillation 
over  sodium  the  ether  had  the  following  constants:  b.p.  114-116*  (15  mm),  n*®D  1.4744.  Literature  data:  b.p. 
115.8*  (15  mm),  n*®D  1.4741  [13]. 

Found  C  79.15;  H  12.10.  CijHaO.  Calculated  %:  C  79.11;  H  12.08 

SUMMARY 

1.  The  composition  of  the  products  formed  in  industrial  dehydrogenation  of  cyclohexanol  over  zinc  catar 
lyst  was  studied;  in  addition  to  cyclohexanone,  the  yield  of  which  is  80-85^,  and  unconverted  cyclohexanol  (10- 
15*^),  the  reaction  products  contain  cyclohexene  (0. 3-0.5%),  water  (0. 1-0.2%),  phenol  (0.1-0.15%),  cyclohexyl 
ether  (0.02-0.03%),  and  cyclohexyl ldenecylohexanone-2  (0.5-1%). 

The  relatively  small  amounts  of  by-products  indicate  that  the  zinc  catalyst  is  highly  selective. 

2.  The  still  residue,  containing  about  50%  of  cyclohexylidenecylohexanone-2,  can  be  converted  by  hydrol- 
ysisi,  without  previous  isolation  of  the  latter,  into  cyclohexanone  in  40%  yield.  A  similar  result  was  obtained  in  a 
continuous  unit. 
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ANTISEPTIC  PROPERTIES  OF  COAL-TAR  COMPONENTS 


G.  D.  Kharlampovich ,  M.  V.  Goftman,  M.  M.  Raukas, 
and  N.  D.  Rus’yanova 

The  S.  M.  Kirov  Polytechnic  Institute  of  the  Urals 

Various  coal  tar-oils  are  widely  used  for  rotproofing  of  wood.  However,  not  enough  is  known  as  yet  about 
the  antiseptic  effects  of  individual  coal-tar  components  or  the  mutual  influence  of  these  components  in  the  com¬ 
plex  mixtures  which  coal-tar  oils  are.  Investigation  of  the  antiseptic  action  of  phenols,  bases,  and  neutral  com¬ 
ponents  of  these  oils,  and  of  mixtures  of  these,  is  not  only  of  great  practical  importance  but  also  of  independent 
scientific  interest. 


rig.  1.  tiiect  or  tne  ooiling  ranges  of  coal-tar  fractions  on  their  anti¬ 
septic  action  on  the  fungus  Coniophora  cerebellar  A)  relative  weight 
loss  (<7o),  B)  average  boiling  point  of  fraction  (*C);  antiseptics  and  their 
concentrations  (<7o):  1)  phenols,  \.1%  2)  phenols,  \%\  3)  bases, 

4)  neutral  compounds,  1.1^. 

We  studied  the  action  of  various  coal-tar  oils  and  of  individual  components  isolated  from  these  oils  on  the 
fungi  Coniophora  cerebella  and  Merulius  domestlcus,  which  destroy  wood. 

The  experimental  procedure  is  described  in  one  of  our  earlier  papers  [1].  The  resistance  of  the  specimens 
was  also  estimated  from  their  relative  weight  losses  (ratio  of  the  weight  loss  of  an  impregnated  specimen  to  the 
weight  loss  of  a  control  specimen).  The  exposure  time  was  100  days  in  all  cases.  Experiments  in  which  the 
weight  loss  was  5%  and  over  were  taken  into  consideration.  If  the  weight  loss  was  less  than  5%,  it  was  assumed 
that  the  specimen  was  not  attacked  by  the  fungus. 

Study  of  the  Antiseptic  Properties  of  Individual  Compounds 

For  elucidation  of  the  effect  of  the  nature  of  the  antiseptic,  the  antiseptic  properties  of  a  number  of  pure 
compounds  and  of  mixtures  of  known  composition  were  studied.  The  results  of  these  experiments  are  given  in 
Table  1. 
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TABLE  1 


Antiseptic  Action  of  Coal-Tar  Components  on  the  Fungus  Conlophora  cerebella 


Antiseptic 


CX, 

ui€ 


Si 

o 

>  <-> 

^  I 

2SQ 


C3  ^ 

•30  o 
c"  « 

C  »»  Q. 

"I-S  4> 


Antiseptic 


Phenols 

Phenol  I 

o-Cresol  | 

Mixed  xylenols  | 

Polyalkyl  phenols  j 

(225-260°)  \ 

ot-Naphthol  | 

0  -Naphthol  I 

p-Phenylphenol  | 

Methylnaphthols  | 

Methylphenylphenols  | 
Phenanthrol-2  | 


1.5 

2.5 

1.5 

2.4 

1.5 

1.8 

1.2 

1.7 

0.5 

1.0 

0.5 

0.75 

0.3 

0.6 

0.3 

0.6 

-0.6 

1.0 

2.0 

3.5 


23.9 

9 

20.0 

0.0 

8.0 

0.0 

23.0 

0.0 

15.0 

0.0 

29.0 

0.0 

20.0 

0.0 


}  >2.5 
)  >2.4 


)~u 

\  0.5- 
]  -1.0 

I  —0.5 
\  0.3— 

I  -0.6 

\  0.3- 
/  -0.6 

\  0.6- 

I  -1.0 

\  2.0 

-3.5 


Bases 

Acridine 

Quinoline 
Dihydroacridine 
Neutral 
Compounds 

a-Methylnaphthalene 
0  -Methylnaphthalene 
Indole 

Acenaphthene 

Fluorene 

Dlphenylene  oxide 
Phenanthrene  | 

Anthracene 

Carbazole 


oSI  , 

as 


o 

(0— ■ 
> 


»»  l*>  ll 

.t;  o  cj 

Ea)'w 
«  cx, 


1.7 

8.0 

3.0 

0.0 

1.7 

35.0 

2.5 

26.0 

3.0 

108.0 

2.0 

81.2 

2.0 

65.0 

2.0 

70.0 

2.0 

28.2 

2.0 

35.0 

2.0 

50.8 

1.5 

0.0 

2.0 

0.0 

2.0 

66.5 

2.0 

128.3 

)~l.7 

)>2.5 

Inactive 


Note.  Weight  loss  of  control  specimen  =  65% 


The  following  conclusions  may  be  drawn  from  the  above  results. 

1.  Phenols  are  more  active  antiseptics  than  bases  or  netural  compounds.  The  antiseptic  effects  of  bases 
and  neutral  compounds  are  approximately  equal. 

2.  Alkylation  Increases  the  antiseptic  activity  of  phenols;  the  activity  is  increased  even  more  by  introduc¬ 
tion  of  a  benzene  ring. 


A 


Fig.  2.  Effect  of  the  boiling  ranges  of  coal-tar 
fractions  on  their  antiseptic  action  on  the  fungus 
Merulius  domesticus.  A)  Relative  weight  loss  (7o); 
B)  average  boiling  point  of  fraction  (*C):  antisep¬ 
tics  and  their  concentrations (%):  1)  phenols,  1.7%; 
2)  neutral  compounds,  1.7%. 


3.  Naphthols  and  their  homologs  are  better  anti¬ 
septics  than  phenol  derivatives.  However,  the  activity 
is  lower  for  compounds  with  more  complex  molecules 
(phenanthrol,  methylphenylphenols). 

4.  Compounds  with  condensed  systems  of  ben¬ 
zene  rings  are  more  active  than  compounds  with  sepa¬ 
rated  benzene  rings.  If  the  benzene  rings  in  a  con¬ 
densed  system  are  separated  by  a  nonaromatic  ring, 
the  activity  is  lowered  sharply.  Thus,  anthracene,  dl¬ 
phenylene  oxide  and  fluorene  are  less  active  than 
acenaphthene  and  phenanthrene.  The  sharp  decrease 
in  activity  caused  by  hydrogenation  of  the  middle 
ring  in  acridine  is  also  significant. 

5.  Wood  specimens  impregnated  with  carbazole 
or  dlhydroacridine  are  attacked  much  more  rapidly  than 
controls.  Thus,  compounds  containing  the  Imlno  group 
are  nutrient  media  for  the  fungi  and  accelerate  their  growth. 
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Study  of  the  Influence  of  the  Boiling  Ranges  of  Coal-Tar  Products  on  Their  Anti¬ 
septic  Action 

In  order  to  determine  the  optimum  ranges  for  collection  of  fractions  used  as  antiseptics,  we  studied  the 
antiseptic  effects  of  various  fractions  of  phenols,  bases,  and  neutral  coal-tar  components,  obtained  by  fractiona¬ 
tion  of  the  raw  material  through  a  laboratory  packed  column  with  an  efficiency  of  25  theoretical  plates.  The 
results  of  these  experiments  are  given  In  Fig.  1  and  Fig.  2. 

TABLE  2 


Effect  of  Removal  of  Individual  Components  on  the  Antiseptic  Action  of  Wastes  on  the  Fungus  Conlophora  cere- 
bella 


Contents  of 

Concentra- 

Relative 

Limiting  con¬ 
centration  (%) 

Components 

principal 

tion  of  anti- 

weight 

product  (%) 

septic  (%) 

loss  (%) 

Phenols 

/ 

0.6 

1.0 

35,0 

C).0 

a-Naphthol  fraction  (278-285*) 

65  1 

I  0.6-1. 0 

a-Naphthol  fraction  after  removal  of  80*70  of  the 

13  { 

0.6 

24.0 

1  0.6-1.0 

a-naphthol 

1.0 

0.0 

8-Naphthol  fraction  (275-295*) 

45  { 

0.3 

0.6 

32.0 

0.0 

1  0.3-0.6 

0  -Naphthol  fraction  (60%  of  0  -naphthol 

18  { 

0.3 

34.0 

J-  0.3-0.6 

removed) 

0.6 

0.0 

p-Phenylphenol  fraction  (308-320*) 

40  1 

0.3 

0.6 

24.0 

0.0 

1  0.3-0.6 

308-320*  fraction  (50%  of  p-phenylphenol  removed) 

20  1 

0.3 

0.6 

21.0 

0.0 

1  0.3-0.6 

Bases 

Acridine  fraction  (330-350*) 

35 

2.0 

0.0 

50%  of  acridine  removed 

17 

2.0 

7.2 

90%  of  acridine  removed 

4 

2.0 

14.3 

Neutral  compounds 

Anthracene  fraction  (335-343*) 

46 

2.0 

27.4 

Same,  without  anthracene 

10 

2.0 

12.0 

These  results  show  that  with  the  use  of  fractions,  as  with  the  use  of  the  individual  compounds,  the  activity 
of  phenols  is  higher  than  that  of  bases  or  neutral  compounds. 

Each  group  of  tar  components  has  a  definite  activity  maximum,  which  is  in  the  310-360*  range  for  neutral 
compounds,  in  the  260-335*  range  for  phenols,  and  In  the  320-350*  range  for  bases.  The  activity  minimum  in  the 
250-270*  range  found  for  neutral  compounds  is  due  to  the  presence  of  indole  in  this  fraction,  and  the  minimum 
In  the  325-340*  range,  to  the  presence  of  anthracene. 

The  toxicity  of  neutral  oils  boiling  below  310*  is  low,  and  they  can  really  only  serve  as  diluents. 


924 


Influence  of  Phenols  and  Bases  on  the  Antiseptic  Properties  of  Oils 

This  question  Is  still  obscure.  It  was  considered  for  a  long  time  that  the  activity  of  oils  is  determined  by 
the  presence  of  phenols  and  bases  in  them.  However,  there  have  been  recent  reports  that  removal  of  phenols 
does  not  affect  the  activity  of  anthracene  oil  [2]. 

It  was  even  stated  in  a  review  article  on  tar  processing  [3]  that  hydroxyllc  compounds  have  an  adverse  ef¬ 
fect  on  the  antiseptic  properties  of  coal-tar  oils. 

In  the  present  Investigation  the  main  experiments 
were  carried  out  on  standard  anthracene  oil  containing  0. 9^0 
phenols  and  6.0%  bases.  The  effects  of  removal  of  phenols 
and  bases,  and  of  addition  of  a  broad  fraction  of  high -boil¬ 
ing  phenols  (270-320*),  on  the  activity  were  studied. 

The  results  of  these  experiments  are  plotted  in  Fig.  3. 
They  lead  to  the  following  conclusion. 

Removal  of  phenols,  if  their  content  is  below  10%, 
increases  the  antiseptic  activity  of  the  oil.  Therefore  re¬ 
moval  of  phenols  and  bases  from  ordinary  preserving  oils 
would  yield  more  active  antiseptics,  and  not  lower  the  oil 
quality. 

The  existence  of  antagonism  between  phenols  and 
neutral  components  of  oils  must  be  regarded  as  established. 
There  is  no  evidence  in  favor  of  the  hypothesis  that  antag¬ 
onism  exists  between  phenols  and  bases,  or  bases  and  neu¬ 
tral  oils. 

Antagonism  occurs  only  at  relatively  low  phenol  con¬ 
centrations  (up  to  10%).  Oil  toxicity  Increases  with  further 
Increase  of  the  phenol  content.  Thus,  oils  containing  over 
10%  phenols  are  especially  active  antiseptics. 

Antiseptic  Action  of  Wastes  After  Isolation  of  Pure  Products 

Many  methods  have  now  been  developed  for  Isolation  of  individual  coal-tar  components  in  the  pure  state. 
For  more  economical  production  all  the  wastes  should  be  utilized. 

The  effects  of  removal  of  certain  valuable  components  on  the  activity  of  a  number  of  fractions  of  neutral 
oils,  phenols,  and  bases  were  tested  in  this  connection.  The  results  of  the  experiments  are  given  in  Table  2. 

It  follows  from  these  data  that  in  most  cases  the  wastes  are  not  inferior  in  antiseptic  properties  to  the  origi¬ 
nal  fractions,  and  sometimes  are  even  better  than  the  latter.  Wastes  are  quite  suitable  as  components  for  anti¬ 
septic  mixtures.  The  only  exception  is  the  330-350*  base  fraction,  the  activity  of  which  falls  sharply  after  re¬ 
moval  of  acridine. 
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A 


Original  oil 

Fig.  3.  Effect  of  phenols  on  the  antiseptic 
action  of  anthracene  oil:  A)  activity  coef¬ 
ficient  (100/ limiting  concentration);  B)phe- 
nol  content  (%);  oil  with  base  content  (%): 
1)0.2 (Coniophora  cerebella  fungus);  2)6.0 
(same  fungus);  3)  6.0  (Merulius  domestlcus 
fungus). 
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DETERMINATION  OF  MOLECULAR  WEIGHTS  OF  HUMIC 
PREPARATIONS  C  R  Y  OSCO  P IC  A  L  LY  IN  PYROCATECHOL 

T,  A.  Kukharenko  and  L.  N.  Ekaterinina 


It  is  known  that  determination  of  the  molecular  weights  of  humic  acids  and  other  humic  preparations  pre¬ 
sents  considerable  difficulties.  Humic  acids  are  insoluble  in  the  organic  solvents  used  for  determinations  of  mo¬ 
lecular  weight  by  the  cryoscopic  and  ebullloscoplc  methods.  Literature  data  on  the  molecular  weights  of  humic 
acids  are  highly  contradictory. 

The  value  usually  taken  for  the  molecular  weight  of  humic  acids  (1200-1400)  is  not  adequately  Justified, 
as  it  is  partly  based  on  calculations  [1]  or  was  found  for  derivatives  of  humic  acids  (nltrohumic  acids  [2]).  More¬ 
over,  considerably  higher  molecular  weights  —  of  the  order  of  tens  of  thousands  [3]—  and  considerably  lower,  in 
the  hundreds,  have  been  reported. 

Smith  and  Howard  [4,  5]  and  Polansky  and  Kinney  [6]  found  that  di-  and  trihydric  phenols  and  their  deriva¬ 
tives  are  good  solvents  for  humic  acids  made  by  oxidation  of  coal.  Of  the  solvents  used  by  them,  pyrocatechol 
is  tlie  most  satisfactory  because  of  its  thermal  stability  and  low  melting  point.  Smith  and  Howard  developed  a 
method  for  determination  of  the  molecular  weights  of  humic  acids  cryoscopically  in  pyrocatechol,  and  designed 
an  apparatus  for  the  purpose.  Their  values  for  the  molecular  weights  of  different  humic  acids  from  oxidized  coal 
varied  between  200  and  300. 

We  attempted  to  determine  the  molecular  weights  of  humic  acids  from  peats,  brown  coals,  and  weathered 
coals,  and  also  of  hymatomelanic  acids  isolated  from  weathered  coals.  In  view  of  tlie  considerable  effect  of 
moisture  on  molecular  weight  determinations,  the  samples  were  dried  carefully  to  constant  weight  under  vacuum 
at  70°,  and  then  in  a  desiccator  at  room  temperature  over  phosphorus pentoxlde.  Humic  acids  dissolved  in  pyro- 
caiechol  to  give  homogeneous  solutions. 

The  molecular  weights  given  in  Table  1  show  permissible  variations  between  duplicate  experiments.  As  was 
to  be  expected,  humic  acids  from  peat  have  lower  molecular  weights  than  humic  acids  from  brown  coal.  The  mo¬ 
lecular  weights  of  humic  acids  from  weathered  coal  vary  according  to  the  degree  of  weathering:  a  sample  from 
coal  close  to  the  surface  has  lower  molecular  weight  than  a  sample  from  a  greater  depth.  Hymatomelanic  acids 
have  lower  molecular  weights  than  humus  acids  from  the  same  coal.  It  was  noted,  however,  that  tlte  molecular 
weights  of  humic  acids  are  not  comparable  with  the  equivalent  weights  of  the  samples  determined  by  the  reaction 
with  barium  hydroxide,  which  involves  all  the  acidic  groups  of  the  molecule,  and  by  the  reaction  with  calcium 
acetate,  which  involves  the  carboxyl  groups  only.  Moreover,  the  molecular  weights  found  are  lower  than  the  mo¬ 
lecular  weights  of  hydrocarbons  formed  by  exhaustive  hydrogenation  of  humic  acids  from  peat,  brown  coal,  and 
weathered  coal,  determined  by  Savel’ev  [7]  cryoscopically  in  benzene,  and  found  to  be  283,  334,  and  323  re¬ 
spectively.  Neither  did  the  values  obtained  correspond  to  the  high-molecular  nature  of  humic  acids  which  is  at¬ 
tributed  to  them  on  tlie  basis  of  a  number  of  their  properties.  Table  1  shows  that  methyl  esters  of  humic  acids, 
prepared  by  exhaustive  metliylation  of  humic  acids  by  methyl  alcohol,  have  considerably  higher  molecular  weights 
than  nonmethylated  humic  acids.  7'"s  gave  rise  to  The  suggestion  that  humic  acids  may  react  with  pyrocatechol 
to  form  esters.  The  possibility  of  chemical  reaction  with  pyrocatechol  is  denied  by  the  authors  cited,  although 
their  investigations  of  the  reaction  products  were  confined  to  qualitative  solubility  tests  on  the  reaction  product 
and  the  original  substance. 

To  test  this  hypothesis,  we  studied  the  reactions  between  humic  acids  and  pyrocatechol.  Humic  acids  from 
Galician  moss  peat  and  weathered  coal  from  the  "Baldaevskaya"  pit  were  heated  with  a  20-fold  quantity  of 
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TABLE  1 

Molecular  Weights  of  Humic  Acids*  in  Pyrocatechol 


Substance 

Concentration 

AT 

Molecular 

[Chemical  equivalent 

(g/100  g) 

weight 

by 

Ba(OH), 

by 

CafCHjCOO), 

Humic  acids  of  Galician  moss  peat 

0.97,  1.23 

0.30,  0.40 

230,  220 

134 

349 

Humic  acids  from  Aleksandriya  earthy 
brown  coal 

1.07,  1.26 

0.25,  0.27 

305,  295 

138 

300 

Humic  acids  from  weathered  Kuznetsk 
coal  from  the  "Baidaevskaya"  pit 

1.35,  1.24 

0.45,  0.39 

214,  223 

177 

317 

Humic  acids  from  weathered  Kuznetsk 
coal  from  the  "Maneikha*plt  (3 
meters  from  roof) 

1.55,  1.32 

0.34,  0.29 

i 

326,  318 

131 

212 

Humic  acids  from  weathered  Kuznetsk 
coal  from  the  "Severnaya"  pit  (105 
cm  from  roof) 

0.83,  0.97 

0.20,  0.28 

299,  247 

157 

186 

Humus  acids  from  the  same  coal 

0.88,  0.52 

0.28,  0.12 

304,  312 

- 

- 

Hymatomelanic  acids  from  the  same 
coal 

0.94,  0.63 

0.36,  0.32 

186,  142 

— 

— 

Humic  acids  from  weathered  Kuznetsk 
coal  from  the  "Severnaya"  pit  (15  cm 
from  roof) 

1.07,  1.24 

0.30,  0.38 

256,  232 

146 

193 

Humus  acids  from  the  same  coal 

0.41,  0.89 

0.10,  0.22 

292,  280 

- 

- 

Product  formed  by  methylatlon  with 
methyl  alcohol  of  humic  acids  from 
weathered  Kuznetsk  coal  from  the 
"Baidaevskaya"  pit 

0.65,  0.46 

0.10,  0.07 

465,  472 

•  In  accordance  with  Oden's  classification  [1],  we  subdivide  humic  acids  into  alcohol-soluble  hymatomelanic 
acids  and  alcohol-insoluble  humus  acids. 


pyrocatechol  for  30  minutes  at  120*  on  a  glycerol  bath.  The  reaction  product  was  washed  free  from  pyrocatechol 
with  dry  ethyl  ether  (confirmed  by  ferric  chloride  test).  The  yield  was  87.1f%  from  humic  acids  of  weathered  coal, 
and  91.2%  from  peat.  The  filtrate  from  the  ether  washing  was  colored;  this  showed  degradation  of  the  humic 
acids  as  the  result  of  interaction.  The  reaction  products  were  analyzed  for  carbon  and  hydrogen  contents,  active 
acid  groups  were  determined  by  the  sorption  method,  and  the  molecular  weight  was  determined  cryoscopically  in 
pyrochatechol.  The  results  are  presented  in  Table  2  and  compared  with  corresponding  data  for  the  original  humic 
acids. 

Table  2  shows  that  the  carbon  contents  of  the  reaction  products  were  lower  than  those  of  the  original  humic 
acids,  the  carboxyl  group  contents  were  considerably  lower  (one  sample  was  almost  free  from  carboxyl  groups), 
while  the  phenolic  hydroxyl  contents  were  higher.  The  molecular  weights  of  the  reaction  products  of  humic  acids 
with  pyrocatechol  were  lower  by  one  half. 

These  results  lead  to  the  conclusion  that  the  reaction  probably  occurs  between  the  carboxyl  groups  of  the 
humic  acids  and  tlie  phenolic  hydroxyls  of  pyrocatechols.  This  may  give  rise  to  substances  of  the  ester  type  and 
water,  wltli  a  consequent  decrease  in  molecular  weight. 
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TABLE  2 


Characteristics  of  the  Original  Humic  Acids  and  Products  of  Their  Reaction  with  Pyrocatechol 


Contents  (%) 

Contents  of 

active  acid  groups  (meq/g) 

Sample 

Molecular 

weight 

(average) 

C 

H 

total 

carboxyl 

phenolic 
i  hydroxyl 
(by  differ¬ 
ence) 

Humic  acids  of  weathered  coal 

218 

68.58 

3.25 

5.62 

3.15 

2.47 

Reaction  product  of  humic  acids 
of  weathered  coal  with  pyro¬ 
catechol 

105 

64.45 

3.80 

6.02 

0.22 

5.80 

Humic  acids  of  peat 

225 

62.13 

4.70 

7.41 

2.86 

4.55 

Reaction  product  of  humic  acids 
of  peat  with  pyrocatechol 

99 

56.18 

5.31 

7.67 

1.35 

6.32 

The  hypothesis  that  water  is  formed  in  the  reaction  between  humic  acids  and  pyrocatechol  was  confirmed 
by  determinations  of  moisture  by  the  Dean  and  Stark  method.  The  moisture  contents  were  3.01%  in  the  reaction 
product  of  pyrocatechol  and  humic  acids  from  weathered  coal,  and  7.46%  in  the  reaction  product  of  pyrocatechol 
and  humic  acids  from  peat. 


TABLE  3 

Molecular  Weights  of  Hymatomelanic  Acids 


Source  of  hymatomelanic  acids 

Content  of  hy¬ 
matomelanic 
acids  in  humic 
acids  (%) 

Molecular 

weight 

Humic  acids  from  "Elektroperedacha”  peat 

8.31 

300,  285 

Humic  acids  from  weathered  Kuznetsk  coal, 
near  roof  of  "Maneikha"  pit 

24.60 

372,  342 

Product  formed  by  decomposition  of  humic  acids  (from 
weathered  Kuznetsk  coal  from  "Baidaevskaya"  pit) 
by  metallic  sodium  in  liquid  ammonia 

4.76 

286,  266 

To  confirm  that  the  reaction  takes  place  between  the  carboxyl  groups  of  humic  acids  and  the  phenolic 
hydroxyls  of  pyrocatechol,  the  reaction  product  was  saponified  by  0.2  N  alcoholic  caustic  potash  on  a  boiling 
water  bath  for  30  minutes.  The  saponification  equivalents  were:  for  the  original  humic  acids  of  peat,  7.73meq/g: 
for  the  reaction  product,  8.62  meq/g;  for  the  original  humic  acids  from  weathered  coal,  7.45  meq/g,  and  for 
their  reaction  product,  8.40  meq/g;  thus,  the  saponification  equivalents  are  higher  for  the  reaction  products  of 
humic  acids  with  pyrocatechol  than  for  the  original  humic  acids,  but  the  difference  is  considerably  less  than  is 
to  be  expected  on  the  assumption  that  an  ester  Is  formed  by  the  carboxyl  groups  of  the  humic  acids.  Evidently 
ester  formation  was  incomplete  under  the  conditions  used,  as  compared  with  the  conditions  used  in  the  molecular 
weight  determinations. 

For  determination  of  molecular  weights  of  humic  acid  fractions  soluble  in  organic  solvents,  of  the  type  of 
hymatomelanic  acids,  we  used  dioxane  for  the  first  time  as  the  cryoscoplc  liquid;  this  solvent  has  m.p.  11.75“ 
and  does  not  react  with  acids. 

The  molecular  weights  determined  witli  the  aid  of  this  solvent  are  given  in  Table  3. 
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SUMMARY 


It  was  shown  in  this  Investigation  that  humic  acids  react  widi  pyrocatechol;  it  is  therefore  evident  that 
pyrocatechol  cannot  be  used  as  a  solvent  in  the  cryoscopic  method  for  determination  of  molecular  weights  of 
humic  substances. 
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PRODUCTION  OF  FORMALDEHYDE  IN  A  FLOW  UNIT  BY 
OXIDATION  OF  METHANE.  CATALYZED  BY  N  I T  ROG  EN  O  X  I D  ES 

N.  S.  Enikolopyan,  N.  A.  Kleimenov,  L.  V.  Karmilova, 
A.  M.  Markevich,  and  A.  B.  Nalbandyan 


During  the  past  50  years  the  problem  of  methane  oxidation  has  been  the  subject  of  numerous  re  earch  in 
the  fields  of  chemistry  and  chemical  kinetics;  there  have  been  two  predominant  directions  in  this  work.  The  first 
direction  was  concerned  with  phenomenology  of  the  reaction,  identification  of  the  intermediate  and  final  prod¬ 
ucts,  and  attempts  to  establish  the  mechanism  of  oxidation  [1-7].  The  aim  of  the  second  was  to  find  methods 
for  obtaining  good  yields  of  valuable  oxygen- containing  compounds  (formaldehyde  and  methyl  alcohol)  by  slow 
oxidation  of  methane.  This  direction  is  closely  connected  with  the  important  problem  of  chemical  conversion  of 
natural  and  petroleum  gases. 

Searches  for  routes  and  optimum  conditions  for  the  formation  of  various  intermediate  products  in  the  oxi¬ 
dation  of  methane  involve  considerable  difficulties,  caused  by  the  reactivity  of  the  starting  substances  and  inter¬ 
mediate  oxidation  products.  In  view  of  the  inertness  of  the  methane  molecule  =  101  ±  2  kcal  to  remove 

the  first  H  atom)  the  main  determining  step  is  chain  initiation.  The  primary  CH3  radical  formed  from  methane 
is  highly  active,  and  therefore  elementary  reactions  involving  this  radical,  which  determine  the  further  course  of 
oxidation,  proceed  at  high  rates.  Numerous  attempts  to  obtain  formaldehyde  and  methanol  by  noninitiated  ther¬ 
mal  oxidation,  which  commenced  with  the  work  of  Bone  [1],  proved  unsuccessful.  The  great  majority  of  subse¬ 
quent  investigations  were  concerned  with  searches  for  the  best  methods  for  initiating  the  reaction  and  lowering 
the  reaction  temperature.  Solutions  to  this  problem  were  sought  by  means  of  heterogeneous  [8,  9]  and  homo¬ 
geneous  [10-12]  catalytic  oxidation  of  methane,  the  use  of  pressures  for  oxidation  reactions  [13,  14],  and  use  of 
special  initiation  methods  (ozone  [15-17],  photochemical  methods  [18-21],  electric  discharge  [22-24],  etc.). 
Various  combinations  of  these  methods  were  also  often  used. 

Considerable  successes  in  the  problem  of  formaldehyde  production  from  methane  under  normal  pressures 
have  been  achieved  with  the  use  of  homogeneous  catalysts,  especially  such  catalysts  as  hydrogen  chloride  and 
nitrogen  oxides.  The  best  results  in  oxidation  of  methane  catalyzed  by  hydrogen  chloride  were  obtained  by 
Medvedev  [25,  26],  who  combined  the  action  of  HCl  and  of  solid  catalysts  (tin,  lead,  and  iron  borates  and  phos¬ 
phates).  In  the  best  experiments  with  a  dilute  methane-air  mixture  (CF^  =  13.S^o)  containing  0.3%  HCl,  he  suc¬ 
ceeded  in  converting  up  to  5%  of  the  methane  into  formaldehyde  per  pass,  with  up  to  58%  total  useful  conver¬ 
sion  of  the  methane  reacted.  He  established  the  existence  of  an  effective  concentration  of  the  homogeneous 
catalyst  .above  which  the  yield  of  formaldehyde  decreases,  and  the  carbon  monoxide  content  in  the  reaction  prod¬ 
ucts  rises.  However,  this  method  was  not  operated  industrially  because  of  the  difficulty  in  maintaining  the  pre¬ 
cise  temperature  conditions  in  a  large  unit. 

Promising  results  in  the  oxidation  of  natural  gas  with  the  use  of  nitrogen  oxide  catalysts  were  obtained  by 
Bibb  [27,  28].  By  passing  a  mixture  containing  29%  of  natural  gas  (24.5%  CH4  and  4.75%  CjHg),  70%  air,  and 
1-2%  nitrogen  oxides  at  770*  through  4  consecutive  reactors,  he  obtained  123.3  g  of  CH2O  per  m®  of  natural  gas. 

Bibb  concluded  from  his  results  that  nitrogen  oxides  constitute  a  promising  catalyst  in  the  oxidation  of 
methane  to  oxygen-containing  products.  However,  as  has  been  pointed  out  in  the  literature,  the  high  yields  of 
CH2O  attained  in  these  experiments  may  have  been  due  to  the  presence  of  higher  hydrocarbons,  the  molar  con¬ 
tent  of  which  exceeded  that  of  the  formaldehyde  formed. 
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Fig.  1.  Effect  of  temperature  in  the 
yields  of  methane  oxidation  products 
in  a  reactor  of  lKhl8N9T  steel  of 
higher  carbon  content,  in  relation  to 
surface  treatment.  Original  mixture 
(%):  CH4  33.3,  air  66.6,  NO  0.1;  con¬ 
tact  time  0.07  second;  A)  yield  of 
CH2O  (%  on  CH4)  and  yield  of  CO 
and  CO2  (<7o  on  mixture);  B)  temper¬ 
ature  (*C).  1,1a)  Yields  of  CH2O  and 
coin  untreated  vessel;  2,2a)  yields 
after  treatment  with  K2B4O7. 


Fig.  2.  Variation  of  the  degree 
of  methane  conversion  with  sur¬ 
face  —  volume  ratio  in  a  packed 
steel  vessel  (d  =  40  mm)  at  t  = 

=  760*.  Original  mixture  {%): 
CH4  33.3,  air  66.6,  NO  0.12; 
contact  time  0.1  second; 

A)  yield  of  CH2O  (°joQn  CH4); 

B)  yield  of  CO  on  CH4); 

C)  s/  V  ratio  (cm"^);  yields: 

1)  CH2O;  2)  CO. 


Bibb's  views  were  criticized  by  Smith  and  Milner  [29],  who  reached  the  opposite  conclusion  as  the  result 
of  their  experiments;  they  considered  that  catalysis  by  nitrogen  oxides  is  unpromising,  because  they  are  consumed 
(reduced  to  nitrogen)  during  the  reaction.  However,  it  was  shown  by  subsequent  experiments  performed  by  D.  M. 
Rudkovskii  and  ourselves,  that  their  views  on  the  reduction  of  nitrogen  oxides  are  erroneous. 

D.  M.  Rudkovskii  and  his  associates  worked  in  1946  on  the  oxidation  of  methane  by  atmospheric  oxygen  in 
presence  of  nitrogen  oxides.  By  passing  an  air— methane  mixture  containing  0.2-0.25%  nitrogen  oxides  through 
3  reactors  in  series,  they  showed  that  about4.8%  of  the  methane  passed  through  a  reactor  is  converted  to  formal¬ 
dehyde.  Formaldehyde  is  now  being  produced  on  the  pilot  scale  from  natural  gas  in  Rumania.  The  process  is 
based  on  the  patents  of  a  German  firm  [30].  A  tubular  reactor  (d  =  81  mm)  is  used;  with  10-fold  circulation  of 
methane— air  mixture(18%  CH4,  9%  O2,  67.9%  N2,  3%  CO,  1.6%  CO2),  containing  0.08%  NO,  contact  time  0.15-0.2 
seconds,  and  temperature  600-620*,  about  8%  of  the  methane  passed  through  the  reactor  is  converted  into  formal¬ 
dehyde.  Important  disadvantages  of  the  process  are  formation  of  considerable  amounts  (up  to  30%  of  the  methane 
passed)  of  carbon  monoxide,  dioxide,  and  water,  and  the  low  formaldehyde  concentration  (~  0.2%)  in  the  exit 
gases,  which  makes  separation  of  formaldehyde  from  the  gas  phase  difficult. 

This  paper  contains  certain  results  of  laboratory  experiments  on  the  formation  of  formaldehyde  by  oxidation 
of  methane  by  atmospheric  oxygen  in  presence  of  nitrogen  oxides  as  catalyst.  • 

EXPERIMENTAL 

Method  of  Investigation.  The  oxidation  of  methane  was  effected  under  flow  conditions  with  the  reaction 
mixture  close  to  atmospheric  pressure,  at  600-800*.  The  experimental  unit  and  methods  used  for  analysis  of  the 
reaction  products  are  described  in  earlier  papers  [6].  Most  of  the  experiments  were  performed  in  vessels  filled 
with  inert  packing  (s/  v  =  10-40  cm"^). 


•  Members  of  the  All-Union  Scientific  Research  Institute  for  Gases  of  the  Mininstry  of  the  Petroleum  Industry, 
S.  S.  Anisonyan,  S.  Ya.  Beider,  and  N.  I.  Vinnikova,  and  members  of  the  State  Institute  for  the  Planning  of  Rub 
ber  Industry  Plants  of  theMinistry  of  the  Chemical  Industry,  A.S.  Zhadaev,  N.  N.  Chernov,  andM.  N.  Shendrlk  took 
part  in  various  sections  of  the  work. 
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Effect  of  Potassium  Perborate.  In  flow  experiments,  under 
atmospheric  pressure  In  a  packed  quartz  vessel,  on  the  effect  of 
temperature  on  formaldehyde  yield  we  found.  In  agreement  with 
the  results  of  others  [31,  32]  that  the  reproductlblllty  of  the  results 
was  very  bad  and  that  the  surface  gradually  became  stabilized. 
However,  this  stabilization  of  the  vessel  surface  by  the  proceed¬ 
ing  reaction  proved  to  be  erratic.  For  reproducible  yields  of 
formaldehyde  It  was  necessary  to  find  a  reliable  method  for  con¬ 
sistent  stabilization  of  the  reaction -vessel  surface. 

On  the  assumption  that  lack  of  reproducibility  is  caused  by 
heterogeneous  processes  during  the  chain  oxidation  of  methane, 
and  In  the  light  of  the  results  of  Lewis  and  Elbe  [33]  and  Nalban- 
dyan  [34,  35],  according  to  whom  the  probability  of  recombina¬ 
tion  of  hydrogen  atoms  is  lower  on  a  quartz  surface  treated  with 
K2B4O7,  we  studied  the  effect  of  such  treatment  on  the  kinetics 
of  methane  oxidation  and  on  the  formaldehyde  yield.  Experi¬ 
ments  with  quartz  and  metal  reactors  showed  that  treatment  of 
the  vessel  surface  with  2%  aqueous  KjB^Oy  solution  considerably 
raises  the  oxidation  rate  of  methane  and  simultaneously  Increases 
the  formaldehyde  yield.  This  is  Illustrated  in  Fig.  1,  where  the 
yields  of  methane  oxidation  products  are  plotted  against  the 
temperature,  for  the  reaction  in  a  steel  vessel  (carbon-enriched 
smelting  of  lKhl8N9T  steel).  It  follows  from  the  graph  that  the 
percentage  conversion  of  methane  into  formaldehyde  is  more 
than  trebled  after  treatment  of  the  vessel,  while  the  position  of 
the  maximum  CH2O  yield  is  shifted  to  a  lower  temperature  (780 
from  850®). 

However,  potassium  perborate  treatment  does  not  eliminate 
fully  the  specific  influence  of  the  reactor  material  on  oxidative 
conversion.  In  a  quartz  vessel  the  best  CH2O  yield  is  obtained  at 
a  lower  temperature  (tj^^x  ~  630-650"). 

Effect  of  Packing  of  the  Vessels.  Most  investigators  have 
observed  that  the  reaction  of  methane  oxidation  is  suppressed 
ture,  NO  0.1%.  A)  Yields  of  CH20,CO,  when  the  vessel  dimensions  are  reduced  or  when  packing  is  intro- 

and  CH3OH  (%  on  CH4):  B)  contact  duced;  this  is  undoubted  proof  of  the  radical  mechanism  of  the 

time  (seconds):  yields:  1)  CH2O;  reaction.  We  studied  the  effect  of  packing  on  the  yield  of  for- 

2)  CH3OH;  3)  CO.  maldehyde  in  methane  oxidation. 

The  reaction  was  conducted  in  a  vessel  packed  with  por¬ 
celain  Raschlg  rings  of  different  sizes,  under  otherwise  constant  conditions,  and  the  relationship  between  the 
degree  of  oxidation  of  methane  and  CH2O  and  CO  yields  on  the  one  hand,  and  the  surface  —  volume  (s/v) 
on  the  other,  was  determined.  This  relationship  is  plotted  in  Fig.  2.  It  can  be  seen  that  the  extent  of  the  reac¬ 
tion  depends  sharply  on  the  s/v  ratio;  the  most  favorable  proportions  of  formaldehyde  and  carbon  monoxide  (maxi¬ 
mum  CH2O  and  minimum  CO)  are  attained  at  high  s/v  ratios. 

On  the  basis  of  these  results  packed  vessels  treated  with  potassium  tetraborate  were  used  in  all  the  sub¬ 
sequent  experiments  on  the  optimum  conditions  for  the  formation  of  formaldehyde  from  methane  in  relation  to 
the  composition  of  the  reacting  mixture,  temperature,  and  concentration  of  the  homogeneous  catalysts.  The  re¬ 
producibility  was  consistently  good. 

Effect  of  Mixture  Composition.  The  effect  of  the  composition  of  the  original  mixture  on  the  yields  was 
studied  in  detail  in  order  to  find  the  optimum  methane-oxygen  ratio.  The  methane  content  of  the  mixture  was 
varied  from  8  to  90%. 

Fig.  3  shows  kinetic  curves  for  formaldehyde  formation,  plotted  for  methane  —  air  mixtures  of  different  com¬ 
positions.  It  is  seen  that  the  degree  of  conversion  of  methane  into  formaldehyde  increases  with  dilution  of  the 


Fig.  3.  Kinetics  of  formaldehyde 
formation  of  different  compositions 
of  the  methane— air  mixtures  at  t  = 

=  650":  A)  CH2O  yield  (%  on  CH4): 
B)  contact  time  (seconds);  methane 
content  (%):  1)  8;  2)  16;  3)  33.3; 
4)  50. 


A 


Fig.  4.  Kinetics  of  methane  oxida¬ 
tion  at  t  =  650"  for  1:1  CH4—  air  mlx- 
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mixture.  In  dilute  mixtures  the  formaldehyde  yield  reaches 
A  B  4%  on  the  methane  passed.  The  maximum  yield  in  mixtures 

containing  from  8  to  33.3*^  CH^  is  reached  in  contact  times 
of  the  order  of  0.1-0.15  second,  and  in  rich  mixtures  (50<^  CH4) 
in  0.25  second.  Accumulation  of  the  other  oxidation  products, 
j ^  CHsOH  and  CO,  for  an  equimolecular  mixture  is  shown  graphl- 

cally  in  Fig.  4.  It  follows  from  these  data  that,  in  agreement 
I-  jT  2^  ^  with  Medvedev’s  results,  the  degree  of  useful  conversion  of 

^  yy  methane  increases  as  the  mixture  becomes  poorer  in  the  com- 

^  bustible  gas,  but  the  concentration  of  formaldehyde  in  the  exit 

gas  in  then  lower,  so  that  it  is  more  difficult  to  collect.  Because 
^600  ~  WO  000  of  this  the  subsequent  experiments  on  formaldehyde  production 

were  performed  with  mixtures  containing  33%  methane,  when 
Fig.  5.  Effect  of  temperature  on  the  yield  the  formaldehyde  concentration  in  the  gas  reaches  1%  by  volume. 

of  formaldehyde  and  carbon  monoxide  ,  rr  ,  ^  ,  .  .  r 

,  ,  ,  .  ,  The  effect  of  temperature  for  a  reaction  vessel  made  from 

in  the  oxidation  of  CH*  in  a  reaction  ,  - — — - ; - ^ - ,  ,  . 

,  r  ^  ,  ,  steel  with  a  high  carbon  content  is  shown  in  Fig.  1.  The  nature 

vessel  of  lKhl8N9T.  Original  mixture  r  t.  ,  ,  ^  .  ..  ,  n.  - 

_  <  of  the  relationship  does  not  alter  with  vessels  of  high-quality 

(%):  CHi  33.3,  air  66.6,  NO  0.1;  con-  ^  6^7 

.  . .  ^  lKhl8N9T  steel,  but  the  formaldehyde  yield  increases,  reaching 

tact  time  0.07  second;  A)  yield  of  CH*0  „  ,r-  j  ,  u  ..  j  u  u 

_  „  .  .  ,  ,  V  2.8%  (Fig.  5)  and  over.  It  should  be  noted  that  the  temperature 

(%onCH4):  B)  yield  of  CO  (%  on  CH4);  °  i!  a  c  u  ■  r  1  ^  •  u 

'  range  may  be  used  for  the  reaction  for  an  almost  constant  yield 

C)  temperature  ("C);  yields;  1)  GHjO;  ,  ^  r  ■  , 

^  Qf  CH»0  IS  fairly  wide,  and  is  about  100  . 

2)  CO.  *  ^ 

Effect  of  Concentration  of  the  Homogeneous  Catalyst.  To 
investigate  the  behavior  of  nitrogen  oxides  in  the  reacting  sys- 
A  B  and  to  find  their  optimum  concentration  in  the  gas— air  mix - 

\  ture,  the  effect  of  NO  concentration  on  the  formaldehyde  yield 

\  -  12  was  studied  for  mixtures  of  different  eomposition  in  the  temper- 

\  ature  range  from  650  to  750“.  The  results  are  plotted  in  Fig.  6, 

\  where  curve  1  represents  variations  of  the  formaldehyde  con- 

\  1  ^  _ _ :  g  centration  in  the  gas  with  the  NO  content  in  the  mixture.  Vari- 

^  ations  of  the  relative  yield  of  formaldehyde  per  molecule  of 

/  -  s  catalyst  (CH2O ;  NO)  are  represented  by  curve  2. 

^  V  follows  from  these  results  that  the  CHjO  yield  in  the 

/  noncatalyzed  reaction  at  t  =  700“  and  r  =  0.09  second  is  almost 

^  /  -  2  zero  (0.16%  on  the  methane  passed).  The  yield  of  CH2O  rises 

/  sharply,  almost  linearly,  with  addition  of  nitrogen  oxides  to  the 

^  0  05  0.10  015  0  20c  mixture.  On  further  increase  of  the  catalyst  concentration  the 

„  ,  yield  increases  only  slightly.  At  the  same  time  the  relative 

Fig.  6.  Effect  of  concentration  rr  .  .  r  ..  u  . 

"  ,  yield  of  formaldehyde  per  NO  molecule  falls  sharply, 

of  homogeneous  catalyst  on  the 

formaldehyde  yield  at  t  =  700*.  These  were  the  unfavorable  conditions  used  by  Smith  and 

Original  mixture  (%):  CH4  18,  Milner,  who  added  about  1%  of  nitrogen  oxides  to  the  mixture. 

O2  9,  N2  73;  contact  time  0.09  ^  u  •  _  u  .1  .  .u  • 

*  *  Our  other  experiments  show  mat  there  is  an  optimum 

second;  A)  yield  of  CH2O  (%  .  x.u-u 

'  ^  catalyst  concentration  (close  to  0.1%  in  the  mixture)  at  which, 

onCFL);  B)CH20:  NO  ratio;  ,  .  .....  00  ont 

*  in  a  single  pass  of  a  gas-air  mixture  containing  33.3%  CH^  and 

C)  NO  concentration  (%  onorig-  uuj  1  1  r  j 

'  ,  ®  66.6%  air,  up  to  10  formaldehyde  molecules  are  formed  per 

Inal  mixture);  1)  yield  of  CH2O;  ,  .  /  .  j  j  u  j  e  t  ^  t 

\  ^  molecule  of  nitric  oxide,  and  the  degree  of  useful  conyers ion  of 

2)  variations  of  the  relative  yield  ,  , ,  .u  .  j  t  .  .  or.  oc 

,  '  methane  reaches  3%.  Wim  repeated  circulation  up  to  30-35 

of  CH2O  per  catalyst  molecule  ,  ,  .  l  u  j 

'  molecules  of  CH2O  per  catalyst  molecule  can  be  obtained.  The 

(CH2O ,  NO).  existence  of  an  optimum  catalyst  concentration  is  apparently 

associated  with  the  catalytic  effect  of  nitric  oxide  on  the  second 
stage  of  the  process,  oxidation  of  the  formaldehyde  formed;  this  is  confirmed  by  the  sharp  increase  of  tlie  propor¬ 
tion  of  CO  in  the  reaction  products  at  high  NO  concentrations. 


Fig.  6.  Effect  of  concentration 
of  homogeneous  catalyst  on  the 
formaldehyde  yield  at  t  =  700*. 
Original  mixture  (%):  CH4  18, 

Oj  9,  N2  73;  contact  time  0.09 
second;  A)  yield  of  CH2O  (% 
on  CH4);  B)  CHjO :  NO  ratio; 

C)  NO  concentration  (%  onorig- 
Inal  mixture);  1)  yield  of  CH2O; 
2)  variations  of  the  relative  yield 
of  CH2O  per  catalyst  molecule 
(CH2O :  NO). 
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Fig.  7.  Temperature  distribution  along  the 
reactor  axis:  A)  temperature  (*C);  B)  reac¬ 
tor  length  (cm);  1)  original  mixture  (^o): 
CHi  33.3,  air  66.6,  NO  0.12,  and  products 
(%):  CH2O  2.7  and  CO  1.2;  2)  the  same 
mixture  without  NO,  and  products  (%): 

CHjO  =  CO  =  0. 


Comparison  of  results  obtained  in  the  oxidation  of 
methane  in  mixtures  containing  18  and  90^0  CH4  respec¬ 
tively,  showed  that  for  equal  yields  of  CH2O  (2.1%),  the 
concentration  of  the  catalyst  in  the  rich  mixture  must  be 
increased  more  than  tenfold  (up  to  1*70  from  0.08*^);  this 
is  probably  associated  with  difficulties  in  chain  initiation 
owing  to  oxygen  deficiency. 

Pilot  Trials.  The  laboratory  investigations  were  fol¬ 
lowed  by  trials  of  the  process  on  a  larger  scale  in  a  pilot 
plant  with  a  capacity  of  13  m®  of  gas — a ii mixture  per  hour, 
constructed  at  the  Experimental  Plant  of  the  State  Institute 
for  Planning  of  Rubber  Industry  Plants.  The  equipment  did 
not  differ  in  essential  design  from  the  corresponding  labo¬ 
ratory  flow  units.  The  reactor  was  a  tube  of  1  Khl8N9T 
stainless  steel,  40  mm  internal  diameter  and  2.4  meters 
long.  The  reaction  mixture  was  preheated  (to  300”)  in  a 
special  gas  furnace  by  means  of  Hue  gases.  Electric  heaters 
placed  along  the  reactor  were  used  to  heat  the  mixture  to  the 
reaction  temperature  and  to  maintain  the  latter.  The  length 
of  the  reaction  zone  was  120  cm. 


The  experiments  were  conducted  with  a  1 : 2  CH4 :  air  mixture.  Figure  7  shows  the  temperature  distribution 
along  the  reactor  axis.  Curve  1  corresponds  to  the  process  with  a  mixture  containing  0.12%  nitrogen  oxides;  the 
contents  of  CHjO  and  CO  in  the  products  were  respectively  2.7  and  1.2%  on  the  methane  fed  into  the  reactor.  In 
other  words,  about  70%  of  the  converted  methane  is  oxidized  to  CHjO.  If  the  supply  of  nitrogen  oxides  is  discon¬ 
tinued,  the  reaction  stops  —  the  CH2O  and  CO  contents  fall  to  zero  and  the  temperature  In  the  reaction  zone  falls 
accordingly  (Curve  2). 


SUMMARY 

1.  The  optimum  conditions  for  formaldehyde  formation  by  oxidation  of  methane  in  presence  of  nitric 
oxide  catalyst  were  studied,  and  It  was  found  that  the  rate  and  course  of  oxidation  depend  on  the  magnitude 
and  nature  of  the  surface  of  the  reaction  vessel.  It  was  shown  that  surface  treatment  with  K2B4O7  Increases  and 
stabilizes  the  CH2O  yield  and  lowers  the  reaction  temperature  by  80-100*.  The  tetraborate  coating  was  shown 
to  be  stable.  The  formaldehyde  yield  is  sharply  Increased  and  the  degree  of  methane  oxidation  is  decreased 
with  the  use  of  packed  vessels  treated  with  K2B4O7. 

2.  A  relationship  has  been  established  between  the  formaldehyde  yield  and  the  concentration  of  homoge¬ 
neous  catalyst  in  the  mixture,  and  it  is  shown  that  this  concentration  has  an  optimum  value.  The  relative  yield 
of  formaldehyde  (CH2O:  NO)  in  a  single  pass  reaches  10-12  molecules  per  molecule  of  catalyst  present. 

3.  The  degree  of  conversion  of  methane  into  formaldehyde  is  higher  in  more  dilute  mixtures.  The  optimum 
composition  of  the  methane —air  mixture  was  found,  at  which  maximum  productivity  and  the  greatest  useful  con¬ 
version  of  methane  are  obtained. 

4.  Optimum  conversion  of  methane  into  formaldehyde  can  be  obtained  over  a  temperature  range  of  about 

100*. 

5.  It  is  shown  that  the  reaction  can  be  conducted  stably  in  metal  vessels. 

6.  The  laboratory  data  were  confirmed  by  trials  in  a  pilot  unit  of  a  capacity  of  13  m’  of  gas— air  mixture 
per  hour. 
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SYNTHESIS  OF  a  ,  8  -  C  Y  C  LO  P  E  NT  A  M  ET  HY  L  EN  ET  ET  R  A  Z  O  L  E  (  C  OR  A  Z  O  L  E) 
R,  G.  Glushkov  and  E.  S.  Golovchinskaya 

The  S.  Ordzhonikidze  All-Union  Chemical  and  Hiarmaceutical  Research  Institute 


Starting  materials  for  the  synthesis  of  0,6  -cyclopentamethylenetetrazole  (I)  can  be  cyclohexanone  (II), 
its  oxime  (III),  or  the  lactam  of  6-leuclne  (IV)  which  is  formed  by  the  oxime  as  the  result  of  a  Beckman  rear¬ 
rangement. 


/CH2^ 

(CH2)3  CO 

II 


(CH2)3 


/CH2v 

C=NOH - 

iir 


/ 


CHa-NH 


(CH2)3 


^CHa— CO 

IV 


CHa-CHa— CHj 

\ 

N— N 

CHa-CIla-C^ 

I  \ 

N— N 


The  synthesis  of  (1)  was  first  described  by  Schmidt  [1]  in  1924,  in  his  paper  on  the  reaction  of  the  >>IH 
residue  formed  in  the  decomposition  of  hydrazoic  acid  by  the  action  of  concentrated  H1SQ4: 


HN 


3-^NH+Na. 


The  a, 8 -cyclopentamethylenetetrazole  synthesized  in  the  course  of  that  investigation,  was  soon  acknowledged 
to  be  a  powerful  camphorlike  cardiac  drug  with  many  valuable  characteristics  in  its  action  on  respiration,  the 
central  nervous  system,  and  the  circulation.  Numerous  patents  have  been  published  since  1924,  describing  dif¬ 
ferent  methods  for  preparations  of  (I)  and  of  other  substituted  tetrazoles  [2].  Most  of  these  patents  are  based  on 
the  reaction  of  free  hydrazoic  acid  (or  its  salts  in  presence  of  free  mineral  acids)  with  (II)  or  the  oxime  (III)  by 
scheme  A. 


(CHala 


yCHav 


V.H./ 


Scheme  A 

(CHala 


/CHav 


NOH 


There  are  also  several  patents  which  describe  different  variants  of  the  synthesb  of  (I)  by  a  somewhat  more 
complex  scheme,  in  which  the  use  of  the  toxic  and  explosive  hydrazoic  acid  is  avoided.  These  variants  comprise 
several  stages.  They  all  Involve  the  formation  of  various  imino  ethers  or  esters  of  the  enol  form  of  e -leucine 
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lactam  (o-alkyl  or  o-acyl  lactims),  interaction  of  the  ether  or  ester  with  hydrazine,  and  subsequent  closure  of  the 
tetrazole  ring  by  the  action  of  HNOj  on  the  resultant  2-hydrazlno- Ai,|-homopiperidlne  (Vll)  in  accordance  with 
scheme  B, 


/ 


CM.,— CO 


N'dis— Nil 

IV 


(Clh,)3 


Scheme  B 

,CM2— coil 
/  II  N,n, 


'C.li.,- 


CHa-C— NH-NHa 

{Cn,h  II  — 


N:ila-N 

VII 


V  for  r  =  (;„H5S02 

VI  for  R  =  CH-f 


Data  from  one  of  the  Knoll  A.  G.  patents  [3]  were  used  for  development  of  a  method  for  synthesis  of  (I)  by 
scheme  A,  suitable  for  technical  purposes.  Several  suitable  modifications  were  introduced  in  order  to  simplify 
the  process,  reduce  costs,  and  especially,  to  ensure  safety  of  the  process.  In  particular,  in  order  to  avoid  accumu¬ 
lation  of  NjH  in  the  reaction  mass,  it  proved  desirable  to  change  the  sequence  of  reagent  addition:  Instead  of 
mixing  of  sodium  azide  with  chlorosulfonlc  acid  in  chloroform  followed  by  addition  oxime  solution  to  the  result¬ 
ant  solution  of  N3H,  chlorosulfonlc  acid  was  added  gradually  to  a  mucture  of  sodium  azide  and  a  solution  of  (Ill). 

By  this  procedure  the  N3H  liberated  from  the  azide  reacts  immediately,  and  its  accumulation  in  the  reaction 
mass  is  therefore  improbable.  The  main  condition  for  success  in  this  case  is  careful  maintenance  of  the  optimum 
temperature  conditions  (30-35*);  at  a  lower  temperature  (say,  27-28°)  the  reaction  does  not  proceed,  so  that  N3H 
accumulates  in  the  solution,  and  this  results  in  a  subsequent  violent  exothermic  process.  Conversely,  at  a  higher 
temperature  N3H  boils  (at  57°),  and  therefore  evaporates  at  the  instant  of  its  liberation  from  the  salt  without  enter¬ 
ing  the  reaction.  Replacement  of  chloroform  by  the  cheaper  dichloroethane  did  not  affect  the  results  of  the  re¬ 
action,  which  is  on  the  whole  a  simple  and  convenient  method  for  synthesis  of  (I),  suitable  for  large-scale  oper¬ 
ation. 

One  variant  of  production  of(I)  by  scheme  B  is  acylation  of  (IV)  by  benzenesulfonyl  chloride  in  presence 
of  pyridine,  treatment  of  the  reaction  mass  with  hydrazine  acetate,  and  cyclization  of  the  hydrazidine  (VII), 
formed  from  the  intermediate  benzenesulfonlc  ester  (V),  by  the  action  of  HNOj  [4]. 

In  experiments  on  this  variant  corazole  was  obtained  in  yields  not  higher  than  18.6‘^of  the  theoretical;  in 
addition,  a  certain  amount  of  diphenyl  disulfide  was  isolated  from  the  reaction  mixture;  this  compound  was  prob¬ 
ably  formed  by  the  reduction  of  benzenesulfonyl  chloride  by  the  action  of  hydrazine.  Attempts  to  use  the  oxime 
(III)  in  an  analogous  process  [5]  were  likewise  unsuccessful. 

A  more  convenient  method  was  based  on  the  formation  of  a  stable  o-alkyl  ether  of  caprolactim  as  an  inter¬ 
mediate  product  at  the  first  synthesis  stage  [6].  Some  modifications  of  the  known  method  for  preparation  of  (VI) 

[7]  and  its  conversion  into  (I)  [8]  resulted  in  quite  consitent  and  satisfactory  yields  of  (I)  from  the  original  (IV), 
and  these  experiments  showed  that  this  variant  of  the  synthesis  of  a,8  -cyclopentamethylenetetrazole  may  be  used 
for  practical  purposes. 

Because  of  the  considerable  solubility  of  (I)  in  water  and  in  most  organic  solvents,  the  purification  of  the  sub¬ 
stance  isolated  from  the  reaction  mass  required  careful  attention.  Repeated  crystallization  from  diethyl  ether 
(1 :  7),  in  which  (I)  is  moderately  soluble,  gives  pure  corazole,  but  this  procedure  is  not  widely  applicable.  In 
order  to  replace  ether  by  a  less  volatile  and  inflammable  solvent,  it  was  found  that  the  unpurified  reaction  prod¬ 
uct  can  be  dissolved  in  1.5  parts  of  toluene  in  the  cold,  with  subsequent  precipitation  of  (I)  from  the  toluene 
solution,  decolorized  by  charcoal,  by  gradual  addition  of  1.5  parts  of  ligroine  of  b.p.  70-80*  [(I)  is  almost  in¬ 
soluble  in  petroleum  hydrocarbons].  This  purification  method  was  found  to  have  the  disadvantage  that,  although 
the  corazole  so  obtained  is  crystalline  and  has  a  sharp  melting  point,  it  sometimes  retains  a  faint  cream  color. 

Quite  satisfactory  results  were  obtained  by  crystallization  from  water.  The  crystallization  procedure  used 
for  this  purpose  depends  on  the  sharp  fall  in  the  solubility  of  (I)  in  water  (see  figure)  at  temperatures  below  10*. 
Twofold  crystallization  of  the  unpurified  reaction  product  from  small  volumes  of  water,  with  careful  utilization  of 
the  mother  liquors  and  effective  cooling,  ensures  that  losses  of  corazole  are  negligible  and  yield  a  colorless  prep¬ 
aration,  which  conforms  to  the  specification  of  the  State  Pharmacopeia  in  all  respects. 


EXPERIMENTAL 


Preparation  of  Corazole  from  Cyclohexanone  Oxime 
(Method  1).  To  a  mixture  of  389  g  of  92^o  sodium  azide 
(5.5  moles)  and  a  solution  of  565  g  of  cyclohexanone  oxime 
(5  moles)  in  5000  ml  of  dichloroethane,  1960  ml  of  chloro- 
sulfonic  acid  was  added  dropwise  with  thorough  stirring. 

The  addition  of  acid  was  continued  for  5  hours,  with  the 
reaction  mass  at  29-31“  (at  first  the  temperature  was  reg¬ 
ulated  by  the  rate  of  acid  addition,  and  subsequently  by 
careful  heating  of  the  water  bath).  The  reaction  was  con¬ 
ducted  in  glass  or  enameled  apparatus,  fitted  with  a  glass- 
covered  stirrer,  alcohol  thermometer,  and  reflux  condenser. 
After  the  chlorosulfonic  acid  had  been  added,  the  reaction 
mass  was  heated,  with  continued  stirring,  to  34-35*,  and 
after  1  hour  to  50*;  after  1  hour  at  50*  7.5  liters  of  water  was  added  with  stirring  to  the  mass  cooled  in  ice,  the 
dichloroethane  layer  was  separated  off,  and  the  acid  aqueous  solution  was  extracted  with  5  lots  of  180  ml  of 
dichloroethane  with  stirring.  The  extract  was  dried  by  means  of  calcined  KjC'Oj  and  dichloroethane  was  dis¬ 
tilled  off.  The  total  weight  of  the  residue  was499g(of  this,  329  was  obtained  from  the  layer  which  separated 
from  the  acid  aqueous  solution,  137  g  from  the  1st,  2nd,  and  3rd  extractions,  25  g  from  the  4th  extraction,  and 
8  g  from  the  last).  After  twofold  crystallization  from  water,  393.5  g  of  pure  corazole  was  obtained;  this  is  57<7o 
of  the  theoretical  yield. 

Preparation  of  Corazole  (Method  2)  from  Caprolactam.  The  original  technical  caprolactam  was  converted 
into  o-methylcaprolactim  by  the  known  procedure  [7]  with  the  following  modifications:  the  methylation  was  ef¬ 
fected  at  60-65*  with  half  the  specified  amount  of  benzene,  and  the  reaction  mass  was  neutralized  by  K2CO3 
solution  (210  ml  per  mole  of  caprolactam)  rather  than  50<7o  solution,  in  order  to  avoid  side  reactions.  Under  these 
conditions,  the  yield  of  distilled  o-methylcaprolactim  was  70-75«7o  of  the  theoretical.  In  the  subsequent  reaction 
with  hydrazine  hydrate,  instead  of  the  pure  substance,  the  undistilled  reaction  product,  which  remained  after 
distillation  of  benzene  (with  a  fractionating columnunder  vacuum  at  <  40*),  was  used. 

Crude  o-methylcaprolactim  (made  by  the  methylation  of  2.4  moles  “  271.22  g  “  of  caprolactam  in  400  ml 
of  benzene  by  means  of  2.4  moles  —  227.6  g  —  of  dimethyl  sulfate  at  60-65*)  was  added  during  30  minutes  with 
vigorous  stirring  (at  17-20*)  to  2.64  moles  (132  g)  of  hydrazine  hydrate.  The  crystallized  reaction  mass  was  stir¬ 
red  at  the  same  temperature  for  1-1.5  hours  more,  cooled  to  between  —3  and  —5*,  and  to  it  was  added  a  solution 
of  248  g  of  NaN02  in  500  ml  of  water  and  then  20%  H2SO4  during  3-3.5  hours  (about  800  ml,  tests  with  starch- 
iodide  paper,  acid  reaction  to  Congo  red).  The  reaction  mass  was  stirred  for  1.5  hours^  filtered,  and  extracted  with 
dichloroethane;  the  weight  of  the  residue  after  distillation  of  dichloroethane  was  224-228  g,  and  after  crystalliza¬ 
tion  from  water  the  yield  of  pure  product  was  177.0-179.4  g,  which  corresponds  to  53.46-54. 2<7o  calculated  on 
caprolactam. 

Purification  of  Crude  Corazole.  A  solution  of  1  kg  of  crude  corazole  (prepared  by  method  1  and  2)  was 
boiled  for  1.5  hours  in  1  liter  of  water  with  50  g  of  activated  carbon.  The  filtered  solution  was  cooled  in  ice, 
and  750  g  of  the  first-crystallization  product  was  obtained  (it  was  sometimes  yellowish).  The  mother  liquor  (925  ml) 
was  concentrated  to  230  ml,  and  cooled  in  ice  to  yield  215  g  of  crude  corazole;  the  filtrate  (35  g)  was  discarded. 

A  solution  of  750  g  of  the  first-crystallization  product  in  375  ml  of  distilled  water  was  boiled  with  22.5  g  of  char¬ 
coal,  filtered,  and  cooled  in  ice.  The  filtered  corazole  was  washed  with  100  ml  of  water  and  dried  at  room  tem¬ 
perature.  The  yield  of  white  corazole  from  the  second  crystallization,  m.p.  58-59*,  was  550  g.  The  mother 
liquor  from  the  second  crystallization  with  the  wash-liquor  (total  volume  450  ml)  was  evaporated  down  to  190 
and  cooled  in  ice  to  yield  a  further  153  g  of  crude  corazole.*  This  was  added  to  the  215  g  isolated  earlier;  twofold 
crystallization,  as  described  above,  of  all  the  substance  isolated  from  the  condensed  mother  liquors  (368  g)  yielded 
a  further  237  g  of  white  second-crystallization  corazole  of  m.p.  58-59*.  The  total  yield  of  second-crystallization 
corazole,  conforming  to  the  State  Pharmacopeia  specifications,  was  787  g. 


Solubility  of  cx,0 -cyclopentamethylenetetra 
zole  in  water  at  different  temperatures: 

A)  temperature  (*C):  B)  0,5 -cyclopenta- 
methylenetetrazole  content  (in  weight,  %). 


•  The  mother  liquor  from  the  second  crystallization  and  the  wash-liquor  may  be  used  for  the  first  crystallization 
in  the  next  experiment. 
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Reaction  of  Caprolactam  with  Benzenesulfonyl  Chloride.  To  a  solution  of  20  g  (0.177  mole )  of  caprolactam 
and  18.8  ml  (0.21  mole)  of  dry  pyridine  in  40  ml  of  dry  chloroform  there  was  added  31.4  g  (0.177  mole)  of  ben¬ 
zenesulfonyl  chloride  at  0*  during  1  hours.  The  mixture  was  added  gradually  to  a  solution  of  32.3  g  (0.21  mole) 
of  hydrazine  acetate  in  220  ml  of  absolute  alcohol,  warmed  to  35-36*.  The  reaction  mass  was  cooled  to  0*,  a 
solution  of  12.2  g  (0.177  mole)  of  NaNOj  in  30  ml  of  water  was  added,  then  20%  HjSO^  solution  ( ~  62  ml)  was 
added  slowly,  the  liquid  was  filtered,  the  filtrate  was  evaporated  under  vacuum,  and  the  residue  was  extracted 
with  chloroform.  After  evaporation  of  the  solvent,  the  residue  was  distilled  under  vacuum.  This  yielded  8  g  of 
caprolactam  (b.p.  95-115*  at  6-7  mm,  m.p.  68-71*,  m.p.  of  mixed  sample  with  caprolactam  67-69*),  and  14.5  g 
of  an  oil  of  b.p.  175-190*  at  6-7  mm,  which  was  treated  with  water.  A  crystalline  substance  of  m.p.  58-59*  was 
isolated  (mixture  with  corazole  melted  at  room  temperature,  m.p.  after  crystallization  from  aqueous  alcohol 
60-61*).  The  properties  of  this  substance  correspond  to  the  properties  of  diphenyl  disulfide  [9], 

Found  %:  S  29.89  CuHjoS,.  Calculated  %:  S  29.36 

The  aqueous  filtrate  after  separation  of  diphenyl  disulfide  was  treated  with  4%  aqueous  HgCl]  solution  to 
give  13.47  g  of  the  double  salt  of  corazole  with  HgClj  of  m.p.  171-173*  [10];  this  corresponds  to  4.55  g  of  cora¬ 
zole,  which  is  18.6%  of  the  theoretical  yield. 


SUMMARY 

Two  variants  of  the  synthesis  of  a,6 -cyclopentamethylenetetrazole  (corazole),  suitable  for  practical  use, 
have  been  developed.  The  starting  material  Is  cyclohexanone  oxime  in  one  case,  and  e -leucine  lactam  in  the 
other.  The  product  is  purified  by  crystallization  from  small  volumes  of  water. 
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In  the  production  of  sulfanilamide  drugs, the  main  starting  materials  have  always  been  the  relatively  costly 
and  scarce  acyl  anilides.  It  has  long  been  desirable  and  necessary  to  replace  them  by  other,  more  readily  avail¬ 
able  and  cheaper  materials. 

At  the  present  time  the  most  promising  types  of  Intermediates  available  In  our  country  for  the  production  of 
sulfanilamide  drugs  are  chlorobenzene  or  p-chlorobenzenesulfonic  acid.  Grlgorovskli  and  his  associates  (Including 
one  of  the  present  authors)  have  developed  convenient  Industrial  methods  for  the  production  of  the  acid  chloride 
[1]  and  amide  [2]  of  p-chlorobenzenesulfonic  acid,  and  found  the  optimum  conditions  for  the  ammonolysls  of 
p-chlorobenzenesulfonamide  [3]  and  some  of  its  derivatives  [4,  5].  On  the  basis  of  these  Investigations  the  syn¬ 
thesis  of  sulfanilamide  has  been  effected,  with  good  economic  characteristics,  both  from  chlorobenzene  and  from 
technical  p-chlorobenzenesulfonic  acid  on  the  pilot  scale  [6]. 

If  a  new  form  of  raw  material  is  used  for  sulfanilamide  production,  it  will  become  necessary  to  convert  the 
production  of  other  sulfanilamide  drugs  to  the  same  material,  and  we  therefore  effected  the  synthesis  of  another 
such  drug,  namely  sulfanthrol ,  according  to  the  scheme; 
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p-(N-o-Carboxyphenyl)chlorobenzenesulfonamide  (I)  was  prepared  in  85-90*70  yield  by  the  Interaction  of 
1.1  mole  of  p-chlorobenzenesulfonchloride  with  1  mole  of  anthranilic  acid  in  aqueous  caustic  soda  solution  at 
20-22*. 

Ammonolysls  of  p-(N-o-carboxyphenyl)chlorobenzenesulfonamide  was  effected  by  the  heating  of  1  mole 
of  this  compound  with  8  moles  of  25%  aqueous  ammonia  solution  in  presence  of  0.25  mole  of  cuprous  chloride  in 
a  steel  bomb  at  180-185*.  Under  the  stated  conditions  the  reaction  is  complete  in  3  hours.  The  maximum  pres¬ 
sure  in  thebomb  reaches  21  atmos.  The  yield  of  N*-(o-carboxyphenyl)sulfanilamide  (II)  was  73.5-77%  of  the 
theoretical. 

To  convert  N^-(o-carboxyphenyl)sulfanilamide  into  its  sodium  salt  (sulfanthrol),  the  substance  was  dissolved 
in  a  small  excess  of  10%  aqueous  caustic  soda  solution  heated  to  90-95*;  after  treatment  with  activated  carbon,  the 
salt  was  crystallized  on  cooling  to  8-10*. 
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The  quality  of  the  sulfanthrol  (III)  so  prepared  conformed  to  all  the  specifications  of  the  pharmacopeia. 

EX  PERIMENTA  L 

p-(N-o-Carboxyphenyl)chlorobenzenesulfonamlde.  A  three-necked  750  ml  flask,  fitted  with  a  stirrer  and 
thermometer,  contained  350  ml  of  5%  aqueous  caustic  soda  solution  and  13.7  g  (0.1  mole)  of  anthranillc  acid. 

To  the  stirred  solution  26.5  g  of  moist  crude  88%  p-chlorobenzenesulfonyl  chloride  (equivalent  to  23.3  g  or  0.11 
mole  of  the  100%  compound)  was  added  by  small  portions  at  20-22*.  The  reaction  mixture  was  kept  weakly 
alkaline  to  phenolphthalein  by  periodic  additions  of  the  same  caustic  soda  solution.  After  the  sulfonyl  chloride 
had  been  added,  the  reaction  mixture  was  stirred  for  2  hours  at  room  temperature. 

The  resultant  suspension  of  the  sodium  salt  of  p-(N-o-carboxyphenyl)chlorobenzenesulfonamlde  washeated 
to  95-100*,  mixed  with  2  g  of  activated  charcoal,  and  filtered.  To  the  filtrate*, cooled  to  65-70*,  10%  hydrochloric 
acid  was  added  to  a  weak  acid  reaction  to  Congo  red.  The  precipitated  p-(N-o-carboxyphenyl)chlorobenzene- 
sulfonamide  was  filtered  off,  washed  thoroughly  with  water,  and  dried  at  105*  to  constant  weight  This  gave 
27-28  g  of  substance  of  m.p.  202-204*;  the  yield  was  85-90%  of  the  theoretical  calculated  on  anthranillc  acid. 

p-(N-o-carboxyphenyl)chlorobenzenesulfonamide  Is  readily  soluble  in  alcohol,  acetone,  and  pyridine;  it 
Is  insoluble  in  water,  ether,  and  aromatic  hydrocarbons;  it  crystallizes  from  alcohol  (1 : 5)  in  the  form  of  small 
colorless  needles,  m.p.  206-207*. 

Found  %:  C  50.19;  H  3.27;  N  4.28;  Cl  11.49  C1SH10O4NCIS.  Calculated  %:  C  50.08;  H  3.20;  N  4.49; 

Cl  11.37. 

The  sodium  salt  of  p-(N-o-carboxyphenyl)chlorobenzenesulfonamide  is  readily  soluble  in  water  and  pyridine; 
it  is  Insoluble  in  alcohol,  acetone,  ether,  and  aromatic  hydrocarbons;  it  crystallizes  from  water  (1 : 3)  in  colorless 
leaflets.  When  dried,  first  at  65-70*  and  then  at  120*  to  constant  weight,  the  salt  does  not  contain  water  of  crystal¬ 
lization  and  melts  witli  decomposition  at  327-330*. 

Found  %:  C  46.69;  H  2.59;  N  4.30;  Cl  10.75  Ci3H904NClSNa.  Calculated  C  46.78;  H  2.71;  N  4.19; 

Cl  10.62 

N^-(o-Carboxyphenyl)sulfanilamide.  This  compound  was  prepared  by  ammonolysis  of  p-(N-o-carboxyphenyl)- 
chlorobenzenesulfonamide.  The  ammonolysis  was  effected  inabombof  "EYa-lT"  stainless  steel,  430  ml  in  capaci¬ 
ty,  fitted  with  an  electric  heater,  a  thermometer  socket,  a  manometer,  and  a  needle  valve  for  removal  of  excess 
ammonia. 

The  bomb  was  charged  with  62.3  g  of  p-(N-o-carboxyphenyl)chlorobenzenesulfonamide,  125  ml  of  25% 
aqueous  ammonia  [27.5  g  (NH3)]and  5  g  of  cuprous  chloride.  The  closed  bomb  washeated  to  180-185*  and  held 
at  that  temperature  until  the  pressure  ceased  to  fall  (about  3  hours).  The  maximum  pressure  in  the  bomb  reached 
21  atmos,  and  toward  the  end  of  the  reaction  the  pressure  fell  to  16  atmos. 

After  the  end  of  the  r3action,the  bomb  was  cooled  to  70*  and  then  warmed  slowly,  while  excess  ammonia 
was  released  through  the  valve  until  there  was  no  excess  pressure  at  100*.  The  bomb  was  then  cooled  to  room  temper¬ 
ature  and  opened.  The  reaction  mass  consisted  of  a  suspension  of  crystalline  ammonium  salt  of  N^-(o-carboxy- 
phenyl)sulfanilamide  in  a  dark-blue,  weakly  ammoniacal  mother  liquor. 

The  ammonium  salt  of  N^-(o-carboxyphenyl)sulfanilamide  was  filtered  off,  pressed  out  thoroughly,  washed 
with  25-30  ml  of  cold  water  (43-45  g  of  the  dry  salt  was  obtained),  and  put  in  150  ml  of  10%  aqueous  caustic  soda 
heated  to  95-100*.  The  solution  was  heated  to  boillng,and  air  was  blown  through  until  the  ammonia  odor  disap¬ 
peared;  5  g  of  activated  charcoal  was  then  added  to  the  solution,  which  was  boiled  for  15  minutes  and  filtered 
while  hot. 

The  calculated  quantity  of  10%  hydrochloric  acid  was  added  to  the  stirred  filtrate,  cooled  to  65-70*,  and 
the  suspension  which  formed  was  cooled  to  15-20*.  The  precipitated  N^-(o-carboxyphenyl)sulfanilamlde  was 
filtered  off*  *  ,  washed  with  water,  and  dried  at  105*  to  constant  weight. 


*  When  the  filtrate  is  cooled  to  5-10*,  the  salt  is  again  partially  precipitated. 

•  *  If  hydrochloric  acid  is  added  to  a  solution  of  the  sodium  salt  of  N^-(o-carboxyphenyl)sulfanilamide  until  weakly 
acid  to  Congo  red,  the  sparingly  soluble  hydrochloride  of  N^-(o-carboxyphenyl)sulfanilamide  is  precipitated,  m.p. 
204-205*  (from  alcohol,  1 ;  10). 
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This  gave  38-40  g  of  substance*  of  m.p.  219-222",  which  was  then  converted  Into  sulfanthrol  as  described 
below. 

After  separation  of  the  ammonium  salt  of  N*-(o-carboxyphenyl)sulfanUamlde,  the  mother  liquor  still  con¬ 
tained  a  certain  amount  of  this  salt,  ammonium  chloride,  and  the  cuprous  catalyst;  to  It  10%  hydrochloric  acid 
was  added  to  a  weakly  acid  reaction  to  Congo  red.  The  precipitated  crude  hydrochloride  of  N*-(o-carboxyphenyl)- 
sulfanilamlde  was  separated  from  the  liquid  phase  (9-12  g  of  moist  substance),  dissolved  in  25  ml  of  10®7o  aq.  caustic 
soda  solution,  boiled  for  30  minutes  with  0.5  g  of  activated  charcoal  and  0.05  g  of  sodium  hydrosulfite,  and  filtered 
again.  The  calculated  quantity  of  10%  hydrochloric  acid  was  added  to  the  filtrate  to  precipitate  pale-brown  crude 
N*-(o-carboxyphenyl)sulfanllamide  in  6-9  g  yield  (dry  weight).  A  single  crystallization  from  50%  alcohol  (1;  5) 
with  activated  charcoal  (0.5  g)  as  clarifying  agent  yielded  4.5-5.5  g  of  substance  of  m.p.  220r223*. 

The  total  yield  of  N^-(o-carboxyphenyl)sulfanilamlde  was  43-45  g,  which  corresponds  to  73.5-77%  of  the 
theoretical. 

Sodium  Salt  of  N^-(o-carboxyphenyl)sulfanilamide  or  Sulfanthrol.  29.2  g  of  N^-(o-carboxyphenyl)sulfanil- 
amlde  of  m.p.  219-223"  was  dissolved  at  90"  in  50  ml  of  10%  aqueous  caustic  soda  solution,  the  solution  was  stir¬ 
red  with  1.5  g  of  activated  charcoal  to  clarify  it  (10-15  minutes),  filtered,  and  the  filtrate  was  cooled  to  8-10". 

The  precipitated  sulfanthrol  was  filtered  off,  washed  with  15  ml  of  ice-cold  water,  pressed  out  thoroughly,  and 
dried  at  80-90"  to  constant  weight.  The  yield  was  20-25  g  of  sulfanthrol,  of  pharmacopeia  grade. 

After  separation  of  sulfanthrol  from  the  filtrate,  unchanged  N^-(o-carboxyphenyl)sulfanilamlde  was  isolated 
from  the  latter  (9-10  g  dry  weight),  and  used  in  subsequent  preparations  of  sulfanthrol.  The  total  yield  of  sul¬ 
fanthrol  was  about  96%  of  the  theoretical  calculated  on  N^-(o-carboxyphenyl)sulfanllamlde. 
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•  After  2  or  3  recrystallization  from  alcohol  (1 : 5),  the  substance  melts  at  225",  in  agreement  with  literature  data 
[7].  However,  this  degree  of  purity  is  not  required  for  the  production  of  sulfanthrol  of  pharmacopeia  standard. 

*  *  Original  Russian  pagination.  See  C.  B.  Translation. 
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PREPARATION  OF  SPECTRALLY  PURE  RHODIUM 
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Academy  of  Sciences,  USSR 


Thetriammine  trichloride  method,  proposed  by  V.  V.  Lebedinskii,  is  widely  used  for  the  preparation  of  chemi¬ 
cally  pure  rhodium.  However,  although  the  rhodium  prepared  by  this  method  corresoponds  to  the  chemically  pure 
rating,  it  does  not  conform  to  the  high  purity  standards  required  in  the  construction  of  certain  physical  instruments. 
For  removing  the  remaining  (very  slight)  impurities,  we  have  devised  a  method  for  additional  purification  of 
rhodium  by  means  of  sulfite  compounds. 

The  principal  method  for  separation  of  base  elements  from  metals  of  the  platinum  group  is  the  nitrite  method. 

The  principle  of  this  method  is  that  457o  solution  of  sodium  nitrite  is  added  to  a  solution  of  chlororhodic  acid 
in  hydrochloric  acid,  in  the  proportion  of  4  to  6  g  of  sodium  nitrite  to  1  g  of  metal  present  in  the  solution.  All  the 
platinum-group  elements  form  soluble  complex  compounds.  Rhodium  and  iridium  are  present  in  the  solution  as 
Na3[Me(N02)5]  salts,  platinum  and  palladium  as  Naj[Me(N02)4]  salts  and  base  elements  are  precipitated  as  the  hy¬ 
droxides. 

The  reaction  is  conducted  at  the  boil  until  a  straw-yellow  solution  is  formed: 

II3  [UhClol  +  6NaN02-»  Nag  |  Hli(N02)al  +  311C1  +  3NaCl. 

It  follows  from  the  above  equation  that,  when  sodium  nitrite  is  added  to  a  solution  of  HsfRhClg],  hydrochloric 
acid  is  formed,  which  decomposes  sodium  nitrite,  and  therefore  excess  of  sodium  nitrite  is  taken  for  the  reaction. 
After  separation  of  base-metal  hydroxides,  ammonium  chloride  is  added  to  the  filtrate  to  give  a  solution  contain¬ 
ing  12<7o  ammonium  chloride.  Ammonium  sodium  hexanitrorhodate  (NH4)2Na[Rh(N02)6]  is  precipitated.  The  pre¬ 
cipitate  is  filtered  off  and  washed  with  4-5%  ammonium  chloride  solution  and  distilled  water: 

Nas  lRh(N02)«l  H-  2NII4CI  -►  (Nll4)2Na  lUh(N02)ol  +  2NaCl. 

When  the  ammonium  sodium  hexanitrorhodate  is  precipitated,  the  salts  of  bivalent  platinum  and  palladium 
remain  in  solution  because  of  their  high  solubility. 

For  further  purification  of  rhodium  from  traces  of  noble  metals,  ammonium  sodium  hexanitrorhodate  is  con¬ 
verted  into  trinitritotriammine  rhodium  [Rh(NH3)s(N02)3].  For  this,  ammonium  sodium  hexanitrorhodate  is  added 
by  small  portions  to  a  boiling  solution  of  ammonia,  and  the  liquid  is  boiled  until  the  precipitate  is  completely 
dissolved.  1.6  ml  of  ammonia  and  20  ml  of  water  should  be  taken  per  1  g  of  salt.  When  the  ammonium  sodium 
hexanitrorhodate  has  dissolved,  the  solution  is  boiled  until  trinitritotriammine  rhodium  begins  to  crystallize;  the 
mother  liquor  is  then  decanted  and  boiled  until  a  fresh  portion  of  precipitate  appears.  The  precipitate  is  filtered 
off  and  washed  with  distilled  water: 
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(NJi^laNa  iniifNOo),.,!  -\-  3N H4OII -►  IRh(N ll3)3(N02)3l  -f  NaNOo  +  3H2O  +  2NH4NO2. 

The  rhodium  is  purified  further  by  conversion  ofits  trinitritotriammine  into  the  trichlorotriammine. 


The  precipitate  of  trinitritotriammine  rhodium  is  covered  with  hydrochloric  acid  of  1 :  2  dilution  and  boiled 
until  evolution  of  nitrogen  oxides  ceases.  The  reaction  proceeds  according  to  the  equation: 

ll\l,(NIl3)3(N02)3)  +  311CI  lRh(N  113)3013)  -f  3HN02(H20  +  NO-f  NO,). 

The  solution  with  the  precipitate  is  then  cooled  and  filtered;  the  filtrate  is  orange  in  color.  The  trichloro- 
triammine  rhodium  is  again  treated  with  hydrochloric  acid  and  this  procedure  is  repeated  until  the  hydrochloric 
acid  solution  filtered  from  the  trichlorotriammine  is  almost  colorless. 

After  these  operations,  the  trichlorotriammine  rhodium  may  be  regarded  as  chemically  pure,  but  it  still  con¬ 
tains  some  hundredths  of  one  per  cent  of  noble  and  base  metals.  These  small  amounts  of  impurities  can  be  re¬ 
moved  by  conversion  of  trichlorotriammine  rhodium  into  a  sulfite  compound. 

As  a  result  of  a  series  of  investigations  we  reached  the  conclusion  that  trichlorotriammine  rhodium  is  the 
most  convenient  starting  material  for  preparation  of  high-purity  rhodium. 

When  trichlorotriammine  rhodium  is  dissolved  in  ammonium  sulfite,  platinum,  palladium,  iron,  copper,and 
other  metals  remain  in  the  residue,  while  rhodium  and  iridium  dissolve  in  excess  ammonium  sulfite. 

rrichlorotriammine  rhodium  is  dissolved  in  boiling  ammonium  sulfite  solution,  and  the  mixture  is  boiled 
until  the  ammine  is  completely  dissolved.  This  results  in  the  formation  of  ammonium  trisulfitorhodate,  which  is 
easily  soluble  in  saturated  ammonium  sulfite  solution: 


1  Hii(N  Ii3)3i'i3l  +  3(N  114)2^03  ->  (N  114)3  ( 1111(803)3)  -f  :iN  Il4(:i. 

The  liquid  is  filtered  to  remove  the  precipitate  (containing  Pt,  Pd,  Cu,  etc.),  and  again  heated  to  boiling, 
with  hydrochloric  acid.  When  hydrochloric  acid  is  added  to  the  solution,  a  small  amount  of  trichlorotriammine 
rhodium  may  be  formed  (as  the  result  of  insufficient  boiling  of  trichlorotriammine  rhodium  with  ammonium  sul¬ 
fite).  In  that  case  the  precipitated  trichlorotriammine  rhodium  is  filtered  off,  and  the  solution  is  heated  with 
hydrochloric  acid  until  ammonium  chlororhodate  is  precipitated. 

A  sample  of  the  ammonium  chlororhodate  is  taken  separately  and  tested  for  purity.  If  the  chlororhodate  is 
found  to  be  pure,  it  is  filtered  off,  washed  with  dilute  ammonium  chloride  solution,  and  heated  to  the  metal.  If 
iridium  is  detected  in  the  ammonium  chlororhodate,  the  purification  should  be  effected  by  way  of  ammonium 
trisulfitorhodate  (NH4)3[Rh( 803)3],  impure  ammonium  chlororhodate  is  decomposed  by  chlorination 

with  the  aid  of  aqua  regia  until  the  ammonium  ions  are  completely  destroyed.  The  solution  is  evaporated  almost 
to  dryness,  diluted  with  water,  filtered,  and  ammonium  sulfite  is  added  in  the  proportion  of  15  ml  of  saturated  am¬ 
monium  sulfite  solution  to  1  g  of  rhodium. 

When  the  liquid  is  heated  on  the  water  bath,  ammonium  trisulfitorhodate  is  formed;  this  is  readily  soluble 
in  a  large  excess  of  ammonium  sulfite  and  in  hydrochloric  acid,  and  is  almost  insoluble  in  water: 

1 13  I  l{|.(')nl-]-3(N  114)2803 ->(iN  114)3  [111.(803)3)  I  31U:i  -}-3NIl4(’,I. 

Irdium  remains  in  solution,  forming  readily  soluble  chlorosulfite  complex  compounds.  The  ammonium 
trisulfitorhodate  is  filtered  off,  washed  with  water,  and  tested  for  purity. 

If  the  compound  is  free  from  impurities  and  conforms  to  the  required  purity  standards,  it  is  converted  into 
ammonium  chlororhodate  and  heated  to  the  metal. 

If  traces  of  iridium  are  still  detected,  the  sulfite  purification  must  be  repeated.  If  the  rhodium  is  contamin¬ 
ated  with  other  metals,  in  addition  to  iridium,  the  purification  should  be  repeated  by  the  trichlorotriammine  method. 

In  conclusion,  the  results  of  spectrum  analysis  of  a  sample  of  purified  rhodium  are  given  below. 

The  original  trichlorotriammine  rhodium  contained  the  following  impurities:  Pt  and  Pd  0.02%,  Ir  0.02%, 

Cu  0.02%,  Fe  traces.  After  the  first  sulfite  purification  the  copper  content  fell  to  0.01%.  Platinum  and  iron  re¬ 
mained  as  traces.  Palladium  and  iridium  were  not  detected. 
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After  a  second  sulfite  purification,  copper  could  not  be  detected  by  spectrum  analysis.  Platinum  metais 
and  iron  were  not  found  either. 
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Modern  methods  for  preparation  of  pure  palladium  can  yield  palladium  of  fairly  high  purity.  However,  even 
the  best  product  contains  99. 98-99. 99*70  palladium.  Platinum,  gold  and  rhodium,  in  decreasing  order,  are  always 
present  as  impurities  in  palladium.  As  it  was  required  to  investigate  the  standard  physical  properties  of  palladium, 
we  were  concerned  with  the  problem  of  preparing  spectrally  pure  palladium. 

The  problem  was  difficult  because  not  only  was  it  necessary  to  develop  a  new  method  for  preparation  of 
physically  pure  palladium,  but  absolutely  pure  reagents  were  needed,  which  we  had  to  prepare  ourselves. 

All  the  experiments  were  conducted  in  vessels  free  from  traces  of  other  noble  metals. 

The  essential  problem  was  to  find  means  for  removing  traces  of  platinum  and  gold  in  presence  of  a  high 
palladium  content. 

Technical  palladium, from  which  the  spectrally  pure  metal  was  to  be  prepared,  was  dissolved  in  aqua  regia; 
the  solution  was  then  evaporated  with  hydrochloric  acid  and  hot  water  to  remove  excess  HNO3  and  to  decompose 
nitroso  compounds.  The  following  compounds  are  formed  in  solution:  H2[PdCl4],  H2[PtCl6],  H[AuCl4],  HsfRhClj]; 
of  these,  H2[PtCl6],  H[AuCl4]  and  HjlT^hClg]  are  present  in  very  small  amounts. 

Special  conditions  are  required  for  complete  removal  of  platinum,  rhodium,  and  gold  from  the  solution,  as 
their  concentrations  are  very  low  while  the  concentration  of  palladium  salts  is  high. 

Because  of  this,  separation  of  platinum  from  such  solution  by  the  use  of  NH4CI  solution  for  precipitation  of 
(NH4)2[PtClg]  does  not  give  successful  results.  Part  of  the  platinum  always  remains  in  solution.  We  therefore 
proposed,  before  precipitation  of  platinum  as(NH4)2[PtCl6]  to  subject  the  H2[PdCl4]  solution  to  the  action  of  gase¬ 
ous  chlorine  to  oxidize  part  of  the  H2[PdCl4]  toH2[PdCl6].  This  reaction  proceeds  very  readily  —  in  our  experiment 
about  10%  of  the  total  H2[PdCl4]  was  oxidized  to  H2[PdCl6].  When  NH4CI  solution  acts  on  H2[PdCl5]  solution,  in¬ 
soluble  ammonium  chloropalladate  (NH4)2rPdCl5]  is  precipitated:  this  takes  all  the  chloroplatinate  with  it,  as 
(NH4)2[PtCl6]  and  (NH4)2[PdCl6]  are  isomorphous. 

Platinum  cannot  be  detected  in  the  solution  after  separation  of  the  precipitate  of  (NH4)2(PdCl6]  and 
(NH4)2[PtCl6].  If  the  solution, after  separation  of  the  chloropalladate  and  chloroplatinate,  is  oxidized  again,  the 
precipitated(NH4)2[PdCl6]  is  quite  free  from  platinum. 

Palladium,  containing  about  1%  platinum,  was  tested.  From  196.3  g  of  palladium  we  obtained  a  precipitate 
of  (NH4)2[PdCl6]  and  (NH4)2[l"tCl6],  which  gave  6.63  g  of  metal  when  heated;  this  metal  contained  28.87%  Pt. 

The  second  chloropalladate  gave  4.35  of  metal  on  heating.  This  contained  only  0.00005  g  of  platinum,  which 
corresponded  to  0.01%  platinum  in  the  palladium.  In  the  third  chloropalladate  fraction  platinum  could  not  be 
detected  by  chemical  methods.  It  follows  therefore  that,  when  part  of  the  palladium  is  precipitated  as  chloro¬ 
palladate,  all  of  the  platinum  is  precipitated  with  it,  and  the  solution  no  longer  contains  platinum.  The  solution 
H2[PdCl4]  is  heated  (to  remove  excess  chlorine  and  to  reduce  H2[PdClg]  to  H2[PdCl4])  and  treated  with  ammonia. 

A  precipitate  of  Vauquelin’s  salt[(NH3)4Pd][PdCl4]2  is  first  formed,  and  then  dissolves  in  excess  NH4OH  on  heating 
to  form  [Pd(NH3)  CI2.  Base  metal  impurities  are  precipitated  as  hydroxides. 
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The  solution  of  [Pd(NH3)4]Clj  is  treated  with  hydrochloric  acid.  The  palladosamtnine  [Pd(NHs)jClj]  Is  pre¬ 
cipitated  as  a  result.  The  palladosammine  is  reprecipitated  several  times  from  ammonia  and  hydrochloric  acid 
by  the  reactions: 


1 1 M  ( N  H  .-OaCI  2 1  -f  2  N 11  a  -►  I P d  ( N 1 1 3)4 1  Cl  , 

|Pd(NIl3)4l  Cl2-|-211(:i  ->  lPd(NH3)2Cl2l. 

It  was  observed  during  the  reprecipitation  of  the  palladosammine  that  after  filtration  of  the  [Pd(NHs)4]Clj 
solution  a  very  small  precipitate  remained,  the  amount  of  which  decreased  in  consecutive  reprecipitations.  In¬ 
vestigation  of  this  precipitate  showed  it  to  contain  a  small  amount  of  gold. 

Spectrum  analysis  of  the  palladosammine  showed  that  it  contained  a  very  small  amount  of  gold.  Other 
platinum  metals  were  not  detected.  Moreover,  no  traces  of  copper,  nickel.iron,  or  other  base  metals  were  found. 

Thus,  it  proved  possible  to  obtain  palladium  containing  no  impurities  other  than  gold. 

It  was  necessary  to  work  out  a  method  for  preliminary  removal  of  gold  from  palladium  before  extraction  of 
platinum. 

For  this,  we  proposed  treatment  of  the  H2[PdCl4]  solution  with  hydrogen  sulfide  before  oxidation  by  chlorine. 

By  the  action  of  hydrogen  sulfide,  gold  is  reduced  to  the  metal  while  platinum  and  palladium  are  partially  pre¬ 
cipitated  as  sulfides.  The  gold  formed  by  reduction  is  always  finely  divided  and  is  very  difficult  to  filter  off. 

In  this  instance,  the  reduction  of  gold  is  accompanied  by  precipitation  of  platinum  and  palladium  sulfides.  The 
precipitate  entrains  all  the  finely  divided  gold  from  solution.  The  amount  of  palladium  precipitated  as  sulfide  is 
very  small.  In  this  manner  it  is  possible  to  remove  all  the  gold  before  precipitation  of  platinum.  After  separation 
of  the  sulfides  and  gold,  the  solution  is  oxidized  by  gaseous  chlorine,  and  25*51)  NH4CI  solution  is  added  to  preci¬ 
pitate  the  chloropalladate,  which  contains  all  the  platinum  as  chloroplatinate. 

After  separation  of  this  precipitate  the  solution  is  treated  with  ammonia  and  then  with  hydrochloric  acid  to 
precipitate  the  palladosammine. 

The  palladosammine  is  reprecipitated  3-5  times  from  ammonia  and  hydrochloric  acid.  No  impurities  were 
detected  in  the  palladosammine  obtained  by  this  method. 

The  palldosammine  is  heated  with  great  care  in  an  alumina  crucible.  The  palladium  must  be  cooled  rapidly 
after  the  heating  to  minimize  the  amount  of  palladium  oxides  formed. 

The  resultant  mixture  of  metallic  palladium  and  palladium  oxides,  of  various  colors  from  green  to  blue, 
is  molded,  fused  in  a  high-frequency  furnace,  and  subjected  to  mechanical  treatment. 

Investigations  of  the  physical  properties  of  this  palladium,  carried  out  in  the  Institute  of  Measures  and  Measur¬ 
ing  Insturments,  showed  it  to  be  spectrally  pure.  About  200  g  of  spectrally  pure  palladium  was  obtained  by  this 
method. 
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ELECTROLYTIC  PREPARATION  OF  POTASSIUM  PERBORATE 


N.  E.  Khomuiov  and  A.  T.  Sklyarov 


Although  the  electrolytic  process  for  production  of  sodium  perborate  was  developed  many  years  ago,  it  is 
still  far  from  perfect,  as  the  current  efficiencies  for  the  final  product  do  not  exceed  40-50‘7o  and  costly  olatinum 
anodes  are  required  for  the  process.  Further  improvement  of  the  electrolytic  process  for  the  production  of  per¬ 
borates  is  held  back  because  the  influence  of  the  experimental  conditions  on  the  course  of  the  anode  processes 
on  which  this  method  is  based,  is  not  fully  understood.  Further  experimental  data  in  this  field  are  needed  also  for 
a  correct  understanding  of  the  mechanism  of  anodic  formation  of  perborates. 

The  theories,  which  have  been  advanced  to  explain  the  anodic  formation  of  perborates  [1-3],  including  the 
universal  theory  of  electrooxidation  proposed  by  Glasstone  and  Hickling  [4],  could  not  account  for  all  the  observed 
facts  and  have  not  been  universally  accepted  [5]. 

In  this  connection  the  electrolysis  of  solutions  of  carbonates,  borates,  and  their  mixtures  is  being  studied  in 
our  laboratory.  The  results  of  these  investigations  have  been  partially  reported  earlier  [6].  The  present  commu¬ 
nication  contains  some  results  obtained  in  a  study  of  the  Influence  of  electrolyte  composition  on  the  anodic  oxi¬ 
dation  of  borate-carbonate  solutions. 


Analysis  of  earlier  kinetic  data  [6]  showed  that  the  rate  of  the  anode  processes  increase  with  increasing 
contents  of  borax  and  carbonate  in  solution.  These  results  suggest  that  higher  current  efficiences  should  be  ex¬ 
pected  with  the  use  of  higher  concentrations  of  borax  and  carbonates  in  the  original  electrolyte.  Since  the  solu¬ 
tions  of  borax  and  soda  mixtures  used  in  industry  are  very  close  to  saturation,  the  aim  of  the  present  work  was  to 
study  the  possibility  of  using  the  very  soluble  potassium  carbonate  iiistead  of  soda  as  the  electrolyte. 


Electrolyte  composition 

Current  effi- 

(moles/ liter) 

ciency  (%) 

Borax  0.10  +  potash  1.17 

49:8 

Borax  0.33  potash  3.61 

88.5 

Borax  0.52  +  potash  3.61 

93.0 

by  regulation  of  the  water  flow.  The  temperature  was 
pure  grade  were  used  for  preparation  of  the  solutions. 


Our  electrolysis  experiments  were  conducted  in  a 
U-shaped  glass  vessel  of  400  ml  capacity;  one  branch 
of  the  vessel  contained  a  cyclindrical  porous  ceramic 
vessel,  which  served  as  the  cathode  compartment.  The 
other  branch  of  the  vessel  acted  as  the  anode  compart¬ 
ment.  The  U-shaped  tube  was  contained  in  a  vessel 
cooled  by  running  water.  The  cathode  was  an  iron  plate 
with  a  working  area  of  1  cm*.  The  current  source  was  a 
VSA-3m  selenium  rectifier.  The  temperature  in  the 
electrolytic  cells  was  maintained  at  the  required  level 
easured  within  the  vessel  itself.  Reagents  of  chemically- 


The  course  of  the  anode  processes  was  observed  by  measurements  of  current  efficiencies  for  active  oxygen  in 
the  solution.  For  this,  samples  were  taken  from  the  electrolyzed  solutions  after  thorough  stirring,  acidified  with 
sulfuric  acid,  and  titrated  by  potassium  permanganate.  The  anodes  were  made  from  different  materials,  in  the 
form  of  wires,  plates,  or  rods.  The  working  anode  surface  was  1-0.5  cm*. 


A  positive  result  was  obtained  in  the  study  of  the  possible  use  of  mixtures  of  borax  and  potash  as  electro¬ 
lytes.  It  was  found  that  with  the  use  of  such  mixtures,  solutions  of  considerably  higher  concentrations  could  be 
obtained  than  with  the  use  of  borax-soda  mixtures.  The  table  gives  current  efficiencies  for  active  oxygen  de¬ 
termined  for  solutions  of  potash-borax  mixtures  of  three  different  compositions.  The  a.i  -tde  in  this  case  was  a 
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platinum  plate  with  a  working  area  of  0.6  cm*.  The  temperature  during  electrolysis  did  not  exceed  9*.  The  cur~ 
rent  density  was  0.5  amp/ cm*.  The  current  efficiency  was  determined  after  1.5  amp-hr  of  electricity  had  been 
passed. 

The  data  in  the  table  show  that  with  the  use  of  concentrated  solutions  of  potash>borax  mixtures  as  electrolytes^ 
very  high  current  efficiencies  for  active  oxygen  can  be  attained  at  a  platinum  anode. 

Experiments  on  electrolysis  of  borax -potash  mixtures, with  the  use  of  carbon  and  lead  anodes,showed  that  the 
current  efficiencies  were  again  higher  than  the  corresponding  values  for  borax -soda  solutions,  and  reached  over 
10%  of  the  theoretical  in  highly  concentrated  solutions. 

Active  oxygen  was  also  formed,  with  low  current  efficiences,  if  silver  and  nickel  anodes  were  used.  When 
magnetite,  iron,  bismuth,  tungsten,  molybdenum,  copper,  or  tantalum  were  used  as  anode  materials,  active  oxygen 
was  not  formed  either  in  borax-potash  or  in  borax-soda  solutions. 

Our  results  obtained  with  the  use  of  borax-potash  mixtures  show  that  such  mixtures  can  be  used  for  electro¬ 
lytic  production  of  perborates.  In  consequence  of  these  results  our  investigations  of  the  electrolysis  of  potash- 
borax  mixtures  are  continuing. 

A  series  of  polarization  determinations  was  carried  out  for  solutions  of  different  borax-potash  mixtures  with 
platinum,  carbon,  and  lead  anodes.  Analysis  of  the  polarization  data  showed  that  polarization  values  are  lower 
in  borax -potash  solutions  than  in  soda-borax  solutions,  and  that  the  relationship  between  the  anode  potential  and 
the  logarithm  of  the  current  density  is  linear  and  conforms  to  the  Tafel  equation.  The  constant  b  in  the  Tafel 
equation  in  this  case  exceeds  0.5. 
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SEPARATE  DETERMINATION  OF  CYCLOHEXANONE  AND 
CYCLOHEXANOL.  IN  AQUEOUS  SOLUTIONS 

A .  S.  Maslennikov 

Laboratory  of  the  Prophylactic  Disinfection  Section  of  the  Gor'kii 
Regional  Sanitary  and  Epidemic  Station 


Analytic  methods  for  cyclohexanone  and  cyclohexanol,  based  on  reactions  on  their  functional  groups  [1,  2], 
are  complex  in  procedure,  generally  involve  nonaqueous  media,  and  are  suitable  for  high  concentrations. 

Other  methods,  based  on  various  condensation  and  polymerization  reactions  [3-5],  are  applicable  only  to 
determinations  of  either  of  the  substances  individually  or  in  the  presence  of  small  amounts  of  the  other. 

We  showed  earlier  [6]  that  cyclohexanone  can  form  an  azo  dye  when  coupled  with  the  diazonium  salt  of 
H  acid  (l-naphthylaminoethyoxy-3,6-disulfonic  acid),  in  accordance  with  the  equation 


no.  /NzX 

HC^^;^^C1I 

I  + 


c=o 


1I2C./ 

Mocl  Jcil, 


H 0,S/ 


OH 


C— N=N-HC/^CM— N=N— C  OH 


c=o 


Vj  p  -  llV  i  iVjII - 11=41— Vj  — 

"fli 


CH 

+  2HX 
\sO3H 


Subsequent  investigations  showed  that  this  reaction  can  be  used  for  separate  determination  of  cyclohexanone 
and  cyclohexanol  in  aqueous  solutions.  For  determination  of  cyclohexanol,  the  latter  was  oxidized  quantitatively 
to  cyclohexanone  by  a  solution  of  chromic  anhydride  in  sulfuric  acid.  The  chromic  anhydride  for  this  was  pre¬ 
pared  from  potassium  dichromate  as  described  by  Karyakin  [7],  without  isolation  in  the  free  state  from  solution. 
After  separation  of  potassium  hydrogen  sulfate,  the  filtrate  was  diluted  25-fold  by  concentrated  sulfuric  acid  and 
used  for  oxidation  of  cyclohexanol. 

Under  the  usual  conditions,  for  determination  of  cyclohexanone  by  the  reaction  with  H  acid  diazonium  salt, 
the  cyclohexanol  present  is  partly  converted  into  cyclohexanone  and  tends  to  lead  to  high  results.  Addition  of 
acetic  anhydride  and  urotropin  to  the  solution  prevents  this  process,  without  affecting  adversely  the  course  of  anal¬ 
ysis.  Cyclohexanone  and  cyclohexanol  may  be  determined  either  by  the  usual  colorimetric  methods,  or  by  color¬ 
imetric  titration  with  standard  aqueous  solutions  of  the  azo  dye,  formed  by  the  coupling  of  cyclohexanone  with 
the  diazonium  salt  of  H  acid.  The  azo  dye  required  for  preparation  of  the  standard  solution,  can  be  prepared  as 
described  in  our  preceding  paper  [6]. 


EXPERIMENTAL 

The  artificial  aqueous  solutions, containing  cyclohexanoneand  cyclohexanol,  were  prepared  from  chemically 
pure  reagents,  the  constants  of  which  agreed  with  literature  data.  Cyclohexanone,  b.p.  155*,  n*®D1.450;  cyclohexanol, 
b.p.  161*,  n“D  1.465. 
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Results  of  Separate  Determlnationsof  Cyclohexanone  and  Cyclohexanol  by 
the  Reaction  With  the  Diazonium  Salt  of  H  Acid  and  Colorimetric  Titration 


Taken  (pg)  j 

Cyclohexanone  found  | 

Cyclohexanol  found 

cyclo¬ 

hexanone 

cyclo 

hexanol 

In  pg 

in  % 

in  pg 

in 

1 

KK) 

1.1 

no 

92 

92 

5 

95 

4.5 

90 

88 

97.7 

10 

90 

10.5 

105 

92 

102.2 

20  ‘ 

SO 

19.5 

97.5 

78 

97.5 

30- 

77) 

31 

103.3 

76 

101.3 

40 

70 

42 

105 

72 

102.3 

50 

60 

49 

98 

63 

105 

00 

50 

62 

103.3 

48 

96 

70 

40 

6S 

97.1 

43 

107.5 

SO 

30 

S2 

102.5 

28 

93.3 

90 

20 

S9 

98.S 

22 

no 

100 

10 

99 

99 

11 

no 

Determination  of  Cyclohexanone  in  Presence  of  Cyclohexanol 

Reagents;  acetic  anhydride,  lO'^o  aqueous  solution  of  urotropin  (hexamethylenetetramine),  freshly-prepared 
1*70  sodium  metabisulfite  solution,  25*70  aqueous  sodium  hydroxide  solution,  freshly- prepared  solution  of  H  acid 
diazonium  salt  (prepared  by  the  mixing,  in  1 : 1  ratio,  of  a  l«7o  sodium  nitrite  solution  and  0.25  ojo  solution  of  the 
monosodium  salt  of  H  acid  in  0.05  N  sulfuric  acid),  standard  aqueous  solution  of  cyclohexanone,  containing  0.1  mg 
per  ml  for  ordinary  colorimetric  determinations,  or  a  millimolar  solution  of  the  azo  dye  (0.758  mg  of  dye  per  ml 
of  solution)  for  determination  by  colorimetric  titration. 

Analytical  procedure.  One  drop  (about  0.02  ml)  of  acetic  anhydride  and  0.2  ml  of  10<7o  urotropin  solution  are 
added  to  1  ml  of  the  test  solution,  containing  from  1  to  100  pg  of  cyclohexanone  in  a  test  tube.  The  liquids  are 
mixed  and  0.2  ml  of  TPjo  sodium  metabisulfite  solution,  0.2  ml  of  caustic  soda,  and  0.5  ml  of  the  solution  of  Hacld 
diazonium  salt  are  added.  After  5  minutes  the  solution  is  diluted  with  water  to  10  ml  and  examined  colorlmet- 
rically. 

In  determination  of  cyclohexanone  by  colorimetric  titration,  1  ml  of  water  is  taken  in  another  tube,  and 
the  same  amounts  of  the  reagents  are  added  to  the  test  sample.  After  dilution  with  water  to  10  ml,standard  solu¬ 
tion  of  the  azo  dye  is  added  until  the  color  matches  that  of  the  test  sample.  1  ml  of  millimolar  solution  of  the 
azo  dye  corresponds  to  98  pg  of  cyclohexanone. 

Results  of  cyclohexanone  determinations  by  colorimetric  titration  are  given  in  the  table. 

Determination  of  Cyclohexanol  in  Presence  of  Cyclohexanone 

Reagents;  50'7>  sodium  hydroxide  solution,  10*70  sodium  sulfite  solution,  solution  of  H  acid  diazonium  salt 
as  used  for  cyclohexanone  determination,  solution  of  chromic  anhydride  (about  5  mg  per  ml)  in  concentrated  sul¬ 
furic  acid,  standard  solution  of  cyclohexanone  or  azo  dye  as  for  cyclohexanone  determination. 

Analytical  procedure.  The  cyclohexanone  content  is  determined  in  a  separate  sample.  Then  1  ml  of  the 
test  solution  is  put  in  a  test  tube,  0.3  ml  of  chromic  anhydride  solution  in  concentrated  sulfuric  acid  is  added,  and 
the  liquid  is  mixed  and  left  to  stand  for  20  minutes.  After  20  minutes  0.2  ml  of  10*7o  sodium  sulfite  solution  is  ad¬ 
ded  (with  three  0.5  ml  portions  of  alkali,  with  5-minute  intervals  between  the  additions)  and  1  ml  of  H  acid 
diazonium  salt  solution;  the  liquid  is  mixed.  After  5  minutes  it  is  diluted  with  water  to  10  ml  and  examined 
colorimetrically. 

Colorimetric  titration  for  determination  of  cyclohexanol  is  carried  out  as  described  for  the  analysis  of  cyclo¬ 
hexanone.  1  ml  of  a  millimolar  solution  of  the  azo  dye  corresponds  to  lOOpg  of  cyclohexanol. 

In  calculations  of  the  results  of  determinations  of  cyclohexanol  in  presence  of  cyclohexanone,  the  amount  of 
cyclohexanone  found  in  the  sample  without  oxidation  must  be  subtracted  from  the  amount  found  in  the  sample 
oxidized  by  chromic  anhydride.  The  difference,  multiplied  by  the  factor  1.02,  corresponds  to  the  amount  of 
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cyclohexanol  tn  1  ml  of  the  test  solution.  The  results  of  cyclohexanol  determinations  in  presence  of  cyclohex¬ 
anone  are  given  in  the  table. 


SUMMARY 

1.  A  method  has  been  developed  for  separate  determinations  of  cyclohexanone  and  cyclohexanol  in  aqueous 
solutions,  by  means  of  the  reaction  with  H  acid  dlazonium  salt;  with  this  method  the  determinations  can  be  car¬ 
ried  out  either  by  the  usual  colorimetric  methods  or  by  colorimetric  titrations  with  standard  aqueous  solutions  of 
the  azo  dye  formed  by  the  coupling  of  cyclohexanone  with  H  acid  dlazonium  salt. 

2.  The  error  in  determination  of  microgram  quantities  of  cyclohexanone  and  cyclohexanol  does  not  exceed 

10%. 
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APPARATUS  FOR  PREPARATION  OF  SALTS  BY  ANODIC 
SOLUTION  OF  METALS 

V.  I.  Kravtsov  and  Yu.  N.  Polovol 


Metals  and  solutions  of  the  appropriate  acids  are  often  used  as  starting  materials  for  preparation  of  pure 
metal  salts.  However,  the  spontaneous  solution  of  certain  pure  metals  in  acids,  with  liberation  of  hydrogen,  is 
an  extremely  slow  process  [1]  Among  such  metals  are  those  with  high  hydrogen  overvoltages  (Cd,  Zn,  Pb,  Sn)  [2]. 

In  a  number  of  cases  anodic  solution  is  suitable  method  for  preparation  of  salts  from  metals;  the  present 
paper  deals  with  the  applicability  of  this  method  for  preparation  of  cadmium  sulfate. 

The  mechanism  of  anodic  solution  of  cadmium  in  H2SO4  solutions  has  been  the  subject  of  several  investi¬ 
gations  [3-7].  It  follows  from  the  available  literature  data  that  the  <;?- log  i  curves,  representing  the  anode  process 
of  cadmium  dissolution,  have  a  linear  region  with  the  coefficient  b  e«0.03v,  the  value  of  which  shows  that  the 
stage  of  diffusion  of  cadmium  ions  into  the  solution  determines  the  rate  of  the  whole  process  [3,  7]. 

The  cells  used  for  preparation  of  cadmium  sulfate  are  shown  in  the  diagram.  A  layer  of  granulated  cad¬ 
mium  was  put  into  cell  a  so  that  it  filled  the  lower  parts  of  tubes  1  and  2.  Then  the  anode  A  and  cathode  K  were 
inserted  into  the  apparatus  (the  electrodes  were  metallic  cadmium  rods)  and  acid  was  poured  in  through  the  fun¬ 
nel  3.  The  tube  4  served  as  an  outlet  for  the  gases  liberated  at  the  anode.  The  contact  between  the  anode  A 
and  granulated  cadmium,  which  served  as  the  soluble  anode,  was  checked  for  reliability  and  direct  current  at 
~  15  V  was  then  passed  through  the  cell.  When  the  cell,  in  which  the  diameter  of  the  working  tube  was  20  mm, 
(see  figure)  was  used,  the  optimum  current  strength  was  1.5  amp.  At  this  current  strength  a  temperature  of  80-90* 
was  established  in  the  cell.  Higher  current  strengths  caused  intensive  agitation  of  the  solution,  so  that  cadmium 
ions  entered  the  cathode  compartment  more  easily  and  the  current  efficiency  for  cadmium  sulfate  decreased. 

The  dissolving  granules  of  metallic  cadmium  formed  CdS04  solution,  which  collected  at  the  bottom  of  the 
apparatus  because  of  its  high  density.  In  3  N  H2SO4  solution  a  fairly  distinct  boundary  could  be  observed  after 
1-2  hours  of  anodic  dissolution  above  the  layer  of  granulated  cadmium  between  the  heavy  solution  containing 
predominantly  cadmium  sulfate  and  the  lighter  solution,  containing  predominantly  sulfuric  acid.  As  the  con¬ 
centrated  solution, containing  CdS04  appears,  it  should  be  run  off  through  the  stopcock  into  a  receiver,  because 
otherwise  there  is  a  sharp  increase  in  the  amount  of  metallic  cadmium  liberated  in  spongy  form  together  with 
hydrogen  at  the  cathode.  If  conditions  ensuring  minimum  agitation  of  the  electrolyte  are  maintained,  the 
deposit  of  spongy  cadmium  at  the  cathode  grows  rather  slowly  and  does  not  give  rise  to  any  great  inconveniences 
because  it  is  easily  detached  from  the  cathode  and,  after  the  included  hydrogen  has  been  pressed  out,  it  can  be 
dissolved  at  the  anode. 

When  3  N  H2SO4  solution  was  used  under  the  conditions  described  above,  the  samples  initially  taken  had  the 
approximate  composition  4.5  N  CdS04  +  IN  H2SO4,  i.e.,  about  80%  of  the  total  electrolyte  concentration  was 
cadmium  sulfate.  In  subsequent  samples  the  decrease  of  the  total  electrolyte  concentration  was  accompanied  by 
a  decrease  in  acidity,  but  the  increase  of  the  percentage  content  of  cadmium  sulfate  was  slight.  To  balance  the 
loss  of  the  expended  sulfuric  acid,  sulfuric  acid  solution  of  higher  concentration  (~4  N)  was  poured  into  the  ap¬ 
paratus  during  operation;  this  concentration  corresponded  to  the  average  total  concentration  of  the  product.  Ex¬ 
periments  with  8  N  H2SO4  did  not  give  satisfactory  results,  as  the  acid  concentration  in  samples  did  not  fall 
below  5-6  N. 
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General  view  of  the  cell. 


A  cell  of  type  b  (see  diagram)  can  be  recommended  for  preparation  of  salts  from  metals  which  for  any 
reason  cannot  be  formed  into  conducting  rods.  In  this  case  the  anode  connection  is  the  plate  5  made  from  plati¬ 
num,  tantalum,  or  some  other  sufficiently  inert  metal,  with  a  number  of  orifices.  The  diaphragm  5  is  fixed 
between  two  ground-glass  plates.  This  may  be  effected  by  means  of  Bakelite  varnish,  which  is  fairly  resistant 
to  acids  after  thermal  polymerization.  The  cathode  may  be  platinum  or  some  other  metal  inert  in  the  given 
electrolyte.  If  a  tantalum  diaphragm  is  used,  care  must  be  taken  that  the  main  mass  of  the  metal  at  the  anode 
does  not  dissolve,  because  otherwise  the  anode  potential  may  reach  values  at  which  tantalum  becomes  passive. 

The  proposed  method  for  preparation  of  cadmium  sulfate  has  the  advantage  that, when  cadmium  is  anodic- 
ally  dissolved,  a  considerable  proportion  of  the  impurities  present  in  the  original  metal  does  not  pass  into  solution. 
Thus,  spectrum  analysis  showed  that  cadmium  sulfate  made  by  anodic  solution  of  analytical-grade  cadmium  in 
reagent-grade  sulfuric  acid  contained  ~0.003%Cu,  ~  0.003%  Pb;  the  Fe  content  was  below  0.001%,  and  was  not 
detected  by  spectrum  analysis.  The  original  cadmium,  according  to  spectroscopic  data,  contained  0.03%  Pb, 
0.05%  Cu  and  ~  0.002%  Fe.  These  results  show  that  the  contents  of  such  impurities  as  Pb,  Cu  and  Fe  in  cadmium 
sulfate,  made  by  anodic  dissolution  of  cadmium,  are  decreased  roughly  tenfold.  The  impurities,  which  accumu¬ 
late  on  the  anode  in  the  form  of  black  sludge,  should  be  removed  at  intervals  from  the  anode  compartment. 

The  cells  described  in  this  paper  may  be  used  for  production  of  salts  of  either  base  or  noble  metals  which 
dissolve  at  the  anode. 

In  conclusion,  we  thank  Professor  Ya.  V.  Durdin  for  valuable  advice  in  the  course  of  this  work. 
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REACTION  OF  AMMONIA  WITH  THE  OXIDE  OF 


PETROSELINIC  ACID 

G.  V.  Plgulevskli,  I.  L.  Kuranova,  and  C.  V.  Sokolov 


It  was  reported  in  our  previous  papers  [1,  2]  that  the  oxides  of  oleic  acid  (cis-A^-octadecenoic  acid)  and 
elaidic  acid  (trans-A*-octadecenoic  acid)  add  on  ammonia  with  formation  of  the  corresponding  hydroxy  amino 
acids. 

The  present  paper  deals  with  a  study  of  the  action  of  ammonia  on  the  oxide  of  petroselinic  acid  (cis-A®- 
octadecenoic  acid). 

The  oxide  of  petroselinic  acid  of  m.p.  59-60*  was  prepared  by  oxidation  of  the  acid  by  peracetic  acid.  The 
reaction  between  ammonia  and  the  oxide  was  conducted  at  130*.  The  product  had  m.p.  133-134*  after  recrystal¬ 
lization  from  alcohol;  it  was  soluble  in  dilute  acids,  alkalies,  and  alcohol,  and  was  insoluble  in  water,  ether,  and 
benzene. 

The  hydroxyaminostearic  acld,synthesized  by  means  of  the  reaction  of  ammonia  with  petroselinic  acid  oxide, 
had  the  composition  CigHsjOjN,  according  to  elementary  analysis  and  may  have  the  structure; 


(',M.,-((’,ll2)io— GH— Gll— (t:il2)4— GOOll 

I  I 

OH  Ml., 


(1) 


or 


c  1 1 1 1 2)10— G 1 1  — G 1 1  — (( ;  11  .,)4— coo  1 1 
I  I 

NII2  oil 


(2) 


Oxidation  of  the  substance  by  lead  tetraacetate  [3]  yielded  lauric  aldehyde  (semlcarbazone  m.p.  102-102.5* 
[4],  2,4-dinitrophenylhydrazone,  m.p.  106*  [5])  and  a  nitrogen-containing  compound,  which  yielded  adipic  acid 
on  hydrolysis. 

The  nitrile  of  lauric  acid,  which  should  be  formed  if  the  compound  had  structure  (2),  was  not  detected.* 

We  assume  on  the  basis  of  the  oxidation  results  that  hydroxyaminostearic  acid  of  m.p.  133-134*  has  the  struc¬ 
ture  6-amino-7-hydroxyoctadecanoic  acid  (1). 

We  synthesized  the  hydrochloride  of  hydroxyaminostearic  acid,  of  composition  Ci»H  sjOgNCl  and  m.p.  81.5-83*. 


EXPERIMENTAL 

Petroselinic  acid  oxide  of  m.p.  59-60*  was  prepared  by  oxidation  of  petroselinic  acid  •  •  by  peracetic  acid 
by  the  method  described  previously  [2].  Petroselinic  acid  oxide  was  prepared  for  the  first  time  by  oxidation  of 
petroselinic  acid  by  perbenzoic  acid  [6].  The  purity  of  the  substance  was  determined  by  elementary  analysis. 


•  Lauric  acid  nitrile  wasspecially  synthesized  in  order  to  test  its  volatility  in  steam.  We  found  no  information  in 
the  literature  with  regard  to  this  property.  It  was  found  that  the  nitrile  is  quantitatively  volatile  in  steam. 

*  •  Petroselinic  acid  of  m.p.  32*  and  iodine  number  87  was  isolated  from  coriander  oil. 


957 


Found  %:  C  72.53;  72.50;  H  11.27;  11.50  CigHs405.  Calculated  C  72.42;  H  11.45 

The  reaction  between  ammonia  and  petroselinic  acid  oxide  was  carried  out  under  the  conditions  described 
earlier  [2].  A  substance  was  obtained  which,  after  repeated  recrystallization  from  alcohol,  melted  at  133-134! 
Further  recrystallization  did  not  raise  the  melting  point;  the  yield  was  61%. 

Found  %:  C  68.44;  68.45;  H  11.58;  11.86;  N  4.40;  4.68  CigH^OgN.  Calculated  %:  C  68.52;  H  11.82; 

N  4.44 

Oxidation  by  Lead  Tetraacetate.  50  ml  of  glacial  acetic  acid  was  added  to  6.7  g  of  hydroxyamlnostearlc 
acid  in  a  round-bottomed  flask  fitted  with  a  reflux  condenser.  To  this  solution  18.8  g  of  lead  tetraacetate  was  ad¬ 
ded  in  small  portions  during  two  hours  at  room  temperature.  The  reaction  mixture  was  then  diluted  with  50  ml  of 
water  and  distilled  in  steam.  From  200  ml  of  distillate  2  g  of  an  oily  colorless  substance  with  a  sharp  odor  was 
obtained.  It  gave  a  positive  test  with  Schlff's  reagent.  Qualitative  tests  showed  the  presence  of  very  small  traces 
of  nitrogen;  this  was  confirmed  by  quantitative  determination  of  nitrogen.  The  substance  gave  the  silver  mirror 
reaction;  with  semicarbazide  it  formed  a  semlcarbazone,  which  melted  at  102-102.5“  after  crystallization  from 
methyl  alcohol. 

Found  %:  N  17.70;  17.43  CijH^iONg.  Calculated  %:  N  17.45 

In  addition,  the  2,4-dinitrophenylhydrazone  was  prepared;  m.p.  106®,  in  agreement  with  literature  data  [5]. 

The  residue  in  the  flask  after  steam  distillation  was  extracted  with  ether;  the  ether  extract  was  washed 
thoroughly  with  water  acidified  with  hydrochloric  acid,  and  then  again  with  water  to  a  netural  reaction.  The  ex¬ 
tract  was  dried  over  sodium  sulfate  and  the  ether  was  evaporated  off;  the  residue,  which  was  a  thick  brown  mass 
shown  by  the  Lassaigne  test  to  contain  nitrogen,  was  hydrolyzed  in  2  N  alcoholic  potassium  hydroxide  (30  ml)  on 
heating  on  a  water  bath.  Ammonia  was  liberated  copiously  during  hydrolysis.  At  the  end  of  the  hydrolysis,alcohol 
was  evaporated  off  to  dryness;  the  potassium  salt  was  dissolved  in  water,  dilute  hydrochloric  acid  was  added  to  an 
acid  reaction,  and  the  liquid  was  extracted  with  ethyl  acetate.  The  residue  after  evaporation  of  the  solvent  was 
a  resinous  mass  from  which  a  white  solid  substance  was  extracted  by  treatment  with  boiling  water. 

Paper  chromatography  [7]  (with  butanol  saturated  with  water  as  the  solvent  and  known  adipic  acid  as  the 
reference  substance)  showed  that  this  substance  was  adipic  acid. 

Preparation  of  Hydrochloride  of  the  Composition  CigHggOgNHj*  HCl.  To  4  g  of  hydroxyamlnostearlc  acid 
there  was  added  20  ml  of  ethyl  acetate  containing  0.5  g  of  gaseous  hydrogen  chloride.  Crystals  were  precipitated; 
these  were  filtered  off  and  recrystallized  from  ethyl  acetate  and  ether.  Melting  point  81.5-83®. 

Found  %:  Cl  10.10;  10.09  CigHggOgNCl.  Calculated  %:  Cl  10.08 

SUMMARY 

The  reaction  of  ammonia  with  petroselinic  acid  (cis-A®-octadecenoic  acid)  oxide  results  in  the  formation 
of  6-amino-7-hydroxyoctadecanoic  acid  with  m.  p.  133-134*.  The  hydrochloride  of  this  acid  was  prepared. 
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CONDENSATION  OF  ISOPHTHALIC  ALDEHYDE 
WITH  NITROMETHANE 

V.  V.  Perekalin  and  O.  M.  Lerner 


Thiele  [1,  2]  was  the  first  to  study  the  reaction  of  the  simplest  dialdehydes  of  the  benzene  series  —  tereph- 
thalic  and  orthophthalic  aldehydes  —  with  nitromethane.  Subsequently  this  reaction  was  studied  by  others  [3-5], 

The  condensation  of  the  third  isomeric  aldehyde,  isophthalic,  with  nitromethane  was  first  studied  by  Ruggll 
andSchetty[6],  in  order  to  synthesize  and  study  the  properties  of  l,3-bis-(6-nltrovinyl)benzene  (I).  They  found 
that,  under  the  conditibns  used  previously  by  Worrall  for  the  synthesis  of  8 -nitrostyrene  [7],  isophthalic  aldehyde 
condenses  with  nitromethane,  forming  the  dinitrodiolefin  (I)  in  only  7%  yield. 

They  were  able  to  raise  the  yield  of  (I)  to  35%  by  the  use  of  methylamine  and  benzylamine  as  catalysts. 

In  continuation  of  our  work  on  dinitrodiolefins  [5,  8],  we  also  studied  this  reaction. 

It  was  found  that,  by  analogy  with  the  procedure  developed  by  us  for  condensation  of  terephthalic  aldehyde 
nitromethane  [5],  the  reaction  with  isophthalic  aldehyde  should  also  be  carried  out  with  the  use  of  excess  con¬ 
centrated  caustic  soda  solution  as  the  condensing  agent.  The  yield  of  (I)  then  Increases  to  67%. 

As  in  the  case  of  the  simplest  aromatic  aldehydes,  under  the  influence  of  caustic  soda  there  is  first  formed 
the  product  of  aldol  condensation  of  isophthalic  aldehyde  with  nitromethane  —  the  disodium  salt  of  aci-l,3-bis- 
(a-hydroxy-0 -nitroethyl)-benzene  (II).  The  action  of  dilute  hydrochloric  acid  on  an  aqueous  solution  of  (II) 
causes  separation  of  the  sparingly  soluble  dinitrodiolefin  (I);  the  action  of  dilute  acetic  acid  gives  l,3-bis-(  a- 
hydroxy-0 -nitroethyl)-benzene  (III),  not  previously  described. 

To  confirm  the  structure  of  (III),  the  conditions  for  this  conversion  into  the  dinitrodiolefin  (I)  were  studied. 

Use  was  made  of  the  recently  developed  method  for  dehydration  of  arylnitroethanols  [9]  by  means  of  an 
aqueous  alcoholic  solution  of  hydrochloric  acid  to  convert  the  dlnitroglycol  (III)  directly  into  the  dinitrodiole¬ 
fin  (I). 

(:H.,N0,  +  one— CHO 

I  I 

jNiiOii  \/ 

Nii(K  I  I  I 

no  on 

(II) 
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This  dehydration  procedure  was  successfully  applied  in  the  conversion  of  l,4-bis-(a-hydroxy-8 -nitroethyl)-ben- 
zene  (IV)  [5]  into  l,4-bis-(0 -nitrovinyl)-benzene  (V). 

OjN— CII2— lie— CM— ('HzNO.,  — 

I - /  1 

IK)  on 

(IV)  _ 

O2N— CH=GH— (,:il=('.H  — NO2 


EX  PERIMENTA  L 

Condensation  of  Isophthalic  Aldehyde  with  Nitromethane.  A  three-necked  100  ml  flask  fitted  with  a  stir¬ 
rer  and  thermometer  was  charged  with  5.4  g  (0.04  mole)  of  isophthalic  aldehyde  and  35  ml  of  methanol.  The  re¬ 
action  mass  was  cooled  to  —5*,  and  4.8  g  (0.12  mole)  of  caustic  soda  in  8  ml  of  water  was  added  with  vigorous  stir¬ 
ring  in  such  a  manner  that  the  reaction  temperature  did  not  exceed  15-18*.  The  resultant  solution  was  again 
cooled  to  —5’,  and  5  g  (0.082  mole)  of  nitromethane  was  added  rapidly  (within  15-20  seconds).  The  temperature 
rose  spontaneously  to  10*.  The  solution  was  stirred  for  15  minutes  at  5*,  and  60  ml  of  ice  water  was  then  added. 

The  solution  of  disodium  salt  of  aci-l,3-bis-(a -hydroxy-6 -nitroethyl)-benzene  can  be  converted  either  into 
1, 3 -bis -(6 -nitro vinyl) -benzene  (I),  or  into  l,3-bis-(a-hydroxy-6 -nitroethyl)-benzene  (HI),  according  to  the 
procedure  used  subsequently. 

Preparation  of  l,3-bis-(8 -nitrovinyl)-benzene(I).  After  addition  of  the  reaction  mass  to  a  cooled  solution 
of  4  N  hydrochloric  acid,  a  yellow  precipitate  of  the  dinitrodiolefin  (I)  separated  out;  this  was  filtered  off,  washed 
with  water,  pressed  out  thoroughly,  and  crystallized  from  acetone.  This  gave  5  g  of  fine  orange  crystals  of  m.p. 
204*.  A  mixed  sampleofthis  substance  with  known  l,3-bis-(8 -nitrovinyl)-benzene  gave  no  melting  point  depres¬ 
sion.  Evaporation  of  the  acetone  mother  liquor,  or  addition  of  ethanol,  yielded  an  additional  0.9  g  of  the  dinitro¬ 
diolefin  of  m.p.  201-203*.  Total  yield  was  5.9  g,  or  67%  of  theoretical. 

Preparation  of  l,3-bis-(a-hydroxy-6 -nitroethyl)-benzene  (III).  This  solution,  prepared  earlier,  was  added 
gradually  to  50  ml  of  40%  aeetic  acid;  a  white  crystalline  precipitate  of  the  dinitroglycol  (III)  formed  slowly. 

After  10-15  hours  the  substance  was  separated  by  filtration  from  the  cooled  liquor  and  dried  in  air.  The  yield  was 
5.6  g  ,  or  55%ofthe  theoretical. 

l,3-bis-(a-hydroxy-6 -nitroethyl)-benzene  is  a  cream-colored  crystalline  substance  of  m.p.  100-102*  (from 
dichloroethane  with  subsequent  addition  of  chloroform);  it  is  readily  soluble  in  ethanol,  benzene,  chloroform,  and 
ethyl  acetate. 

Found  %:  N  10.91;  10.95  CioH^OeNj.  Calculated  %;  N  10.93 

Conversion  of  l,3-bis-(a-hydroxy-6 -nitroethyl)-benzene  into  l,3-bis-(6 -nitrovinyl)-benzene.  A  flask, 

50  ml  in  capacity,  fitted  with  a  stirrer  and  reflux  condenser,  contained  2.5  g  of  the  dinitroglycol  (III),  10  ml  of 
ethanol,  10  ml  of  water,  and  10  ml  of  concentrated  hydrochloric  acid.  The  reaction  mass  was  boiled  for  7  hours. 
On  the  following  day  the  precipitate  was  filtered  off,  washed,  and  crystallized  from  acetone.  The  compound 
melted  at  204*  and  did  not  give  a  melting  point  depression  with  the  dinitrodiolefin  (I). 

Conversion  of  l,4-bis-(a-hydroxy-8 -nitroethyl)-benzene  into  l,4-bis-(8 -nitrovinyl)-benzene.  The  reaction 
conditions  were  similar  to  those  described  in  the  preceding  paragraph.  The  dinitroglycol  (IV)  was  boiled  for  7 
hours,  and  the  precipitate  formed  was  crystallized  from  acetone-ethanol  mixture.  A  compound  of  m.p.  229-230* 
was  obtained;  this  gave  no  melting  point  depression  with  known  l,4-bis-(6 -nitrovinyl)-benzene  (V). 
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